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PREFACE 


The guiding principle on which the structure of this work is based is the de- 
velopment, from the very beginning, of the theories which claim the at- 
tention of the organic chemist. Essentially we have dealt with the material in 
chronological order. In considering the modern development of organic 
chemistry, we have concerned ourselves much less with highly speculative 
theories than is usual in works of this type, despite the fact that these theo- 
ries may be very ingenious and ultimately prove.to be correct. 

These other works use mainly the deductive ntihod in that they start from 
the modern conception of atomic structure and chemiéal bonds, whereas in 
the present work the inductive method had been chosen. Apart from the 
elementary principles of the electron theory of valence given at the end of 
Chapter I, those problems requiring considerable knowledge of physical 
chemistry are dealt with in the second volume. There is thus a continual de- 
velopment of the more recent facts with reference to the older ideas. In this 
way it is possible to combine the vast amount of experimental work carried 
out by earlier generations on a large field of observation with the underlying 
intuitive theoretical work. 

In contrast with earlier editions, this present translation of the seventh 
German edition has undergone much revision and supplementation. Natur- 
ally it is impossible to keep abreast of literature appearing during the prepar- 
ation of a work of this kind. In order to make up for arrears thus arising, 
part of the more recent information is included in an Appendix to this Vo- 
lume; whatever could not be fitted in will be collected in another Appendix 
to Volume II. 


Tiibingen, December 1954 W. H. 
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CHAPTER I 
THEORETICAL FOUNDATIONS OF THE SYSTEM 


(?) DEVELOPMENT OF THE THEORIES OF ORGANIC CHEMISTRY UP TO THE 
THEORY OF VALENCE 


Organic Chemistry is the chemistry of the compounds of carbon; inorganic 
chemistry deals with the chemistry of the compounds of all other elements. 
This separation of the compounds of one element from those of all other 
elements is due first of all merely to reasons of systematics. For the number 
of compounds derived from carbon*, and already known up to the present 
time, is greater by far than the number of compounds known for all the 
other elements combined. The divison of the subject matter classified as 
chemistry into the two large fields, inorganic and organic, is, however, not 
merely a matter of convenience and expediency, but is based upon far more 
fundamental reasons. The compounds of carbon are so characteristically 
different from most inorganic chemical substances, both as to composition 
and as to chemical behavior, that the experience, knowledge, and insight 
obtained from a study of inorganic chemistry cannot be applied as such to 
organic chemistry. Likewise, the experience and insight gained from a study 
of organic chemistry can be applied to problems of inorganic chemistry 
only with very considerable modifications. These difficulties are felt very 
strongly even today, and make the fields of inorganic and of organic chemis- 
try stand opposed to each other like two worlds, both using the same 
written symbols, but speaking two quite different languages. The problems 
formulated and brought to the fore in theoretical organic chemistry are 
often quite different from those formulated and important in theoretical 
inorganic chemistry, and this difference in the nature of the most important 
problems of the two fields is the cause for the differences in the languages as 
well as in the modes of thought of these two large subdivisions of chemistry. 

A consideration of the historical development of the theories of organic 
chemistry already shows that in the treatment of its important problems 
organic chemistry must trod its own pathways. The difficulties of applying 


* It would be more correct to say ‘from hydrocarbons’. See G. W. WHELAND, 
Advanced Organic Chemistry, John Wiley & Sons, New York, 1949, pp. 2—7. 
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4 
the experience gained in the field of inorganic chemistry as the elder brother, 
to the field of organic chemistry, were felt already in the attempt to create 
a practical and usable systematics as a foundation of organic chemistry. 
When the development of organic chemistry began about 1830, a fairly 
complete system of inorganic chemistry and its compounds, created chiefly 
by BERZELIUS, was already at hand. The firm foundations of this system 
were the laws of constant and of multiple proportions, which had been 
rationalized and explained by the atomic hypothesis of DALTon. It is true 
that the atomic hypothesis as conceived by DALTON does not necessarily 
lead to the repeatedly made experience of inorganic chemistry that the 
atoms combine in the ratios of small whole numbers, nor does the atomic 
hypothesis as such give any explanation for the particular ratios found. 
Nevertheless, no question was raised but that this law should apply also to 
organic compounds, although at first sight it seemed as if in the case of many 
organic compounds the ratios of elements present could not be expressed 
as the integral ratios of their atomic weights. For the analyses frequently 
lead not to ratios of small whole numbers but to the ratios of such large 
integers that the accuracy of the analysis is not sufficient to determine 
whether these ratios are really whole numbers or not. This is especially 
true in the case of the fats, some alkaloids, such as morphine, strychnine, 
brucine, as well as of many other compounds. It must be looked upon as a 
fortunate circumstance that at that time these experimental facts did not 
lead to placing in the foreground of the discussion what were in themselves 
justifiable doubts } as to the general validity of the laws of constant and of 
multiple proportions. 

Today we know the limits of these laws in inorganic chemistry as well 
as in organic chemistry. Thus it came about that the valuable insight gained 
in this respect in the field of inorganic chemistry, and in particular the 
symbolic language of chemical formulas introduced by BERZELIUs in 1813— 
1514, was immediately and correctly applied to organic chemistry as well. 
It is of course true that the chemical formulas as written soon showed 
themselves to be not always unique, single-valued, and specific. Originally 
the formula which mirrored the quantitative composition of a compound 
was at the same time a conceptual representation of the substance itself. 
Later, however, it was found that a compound could not be characterized 
uniquely and alone by a formula expressing only the atomic ratios; similarly 
composed compounds might indeed exhibit different chemical properties. 
This phenomenon was first observed by WOHLER (1823) and LIEBIG (1824) 


* J. BERZELIUS, Lehrbuch III (1827) 1, 141. BERZELIUs is said to have doubted the 
validity of this law as late as 1819; Cf. his Essai sur la théorie des proportions chimiques 
et suv l’influence de l’électricité, 1810, p. 26. 
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for the case of fulminic and cyanic acids, and denoted by BERZELIVS as 
isomerism. Later on it developed that isomerism is a common phenomenon 
in organic, a very rare phenomenon in inorganic, chemistry. The at first 
rare cases of known isomerism did not, however, immediately exert any 
influence on the development of the language of chemical symbolism. Thus 
BERZELIUS did not attempt to represent the observed differences of such 
isomers by different formulas; he was satisfied with hinting merely that 
in isomeric substances the atoms are bonded together in different ways. 
Later on this hypothesis underwent very successful development. BERZELIUS 
directed his effort rather to write the formulas of substances in such a way 
that the methods of formation, mode of decomposition, and the capacity 
for reaction could be read out of them. This development of empirical to 
“rational”, or reaction, formulas, was achieved by splitting the formulas 
into two parts: In order to account for the parts of the molecules remaining 
united together they were represented as of opposite electric charge, e.g.: 


KCl = K*Cl; K,O = K,‘O-; SO, = S*O,"; K,SO, = (K,0)* (SO,)~ 


This type of binary union is still accepted im principle in our modern 
formulation of the salts as based on the ionic theory. In the case of the 
salts of oxygen acids, the composition of the positive and negative com- 
ponents must, however, be taken differently than in the dualistic electro- 
chemical system of BERZELIus, for the free oxides are electrically neutral 
substances. The dualistic method of representation gives visible expression 
to the fact that the two component parts of the salt-like inorganic compounds 
undergo their separate reactions to a large extent independently of one 
another. 

The attempt to make the dualistic system the basis for a systematics of 
organic compounds lay near at hand when it was found, first thru the work 
of LiepriG and WOHLER on benzaldehyde ?, that in numerous reactions 
certain atomic groupings are retained, while the residues combined with 
them undergo exchange reactions. Thus in its various reactions benzaldehyde, 
C,H,O = C,H;CHO = [C,H;O]H, yields benzoic acid, [C;H;O]OH; benzoyl 
chloride, [C,H,O}Cl = C,H,COCI; benzoic anhydride, [C,H;0],0; benzoic 
amide = benzamide, [C,H,O] NH,; etc.; the unchanged residual atomic 
grouping C,H,O was called the benzoyl group. Such seemingly unchangeable 
groups of atoms were looked upon as the true elements of organic chemistry, 
and were called radicals. The theory according to which organic compounds 
are composed of such supposedly unchangeable radicals, and are formulated 
accordingly, is known as the Radical Theory. The existence of these radicals, 
of these for the time being hypothetical compound “‘elements’’, seemed to be 


2 J. v. Lresic and F, W6uLER, Amn., 3 (1832) 249. 
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proved by the discovery of ethyl, C,H;, by FRANKLAND and KOLBE, nt 
cacodyl, (CH,).As, by BUNSEN; the fact that the substances actua ¥ 
obtained were not the radicals themselves, but rather, on the basis of their 
vapor densities, the dimers of the radicals, was not evident at a time when 
the concept of molecules and of molecular weight had not yet been developed 
in its more general form. chalet 

In its original form the Radical Theory is not lacking in inner contradic- 
tions. A comparison of benzoyl hydrogen (benzaldehyde), [C,H;O]H, with 
benzoyl chloride, [C;H,O]CI, already brings out a discrepancy between the 
Radical Theory and the electrochemical-dualistic theory of BERZELIUS; for 
hydrogen, which according to BERZELIUs is electrochemically positive, is 
replaced by the electronegative chlorine. This contradiction affects, however, 
only the electrochemical theory, not the dualistic form of representation, 
and since it was at first a solitary example, no attention was then paid to it. 
Soon, however, there appeared another, and more serious, difficulty. Already 
several years prior to the work of LIEBIG and WOHLER on the benzoyl 
radical, DumMAs and BouLLAy had developed a formally quite similar 
dualistic method of notation, without however emphasizing electrochemical 
opposites. On the basis of its mode of formation and decomposition, they 
formulated the compound ethyl chloride, C,H;Cl, as 


C.H,, HCl; 
and in an analogous manner ethyl alcohol, C,H,O, as 

C.H,, H,O. 
For these, as well as other compounds, they looked upon the ethylene, 
C,H,, then known as “‘etherine’”’, as a constituent radical. On the other 


hand, on the basis of other reactions, LreBIG assumed the ethyl radical, 
C.H;, as a constituent part. Thus he wrote: 


C.H;Cl+ H,O = C,H,OH + HCl 
Ethyl chloride Ethyl hydroxide , 
and 


2C,H;0H = (C,H;),0 + H,O 
Ethyl hydroxide Ethyl ether. 


Dumas emphasized the formal analogy of his etherine to ammonia, e.g. 


C,H, + HCl = C,H,Cl, 
corresponding to 


NH,+HCl = NH,Cl, 


while LiEBIG emphasized the formal analogy to the inorganic salts, bases 
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and oxides 3. In both methods of formulation one recognizes the attempt to 
find smaller, simpler units (to which the radicals also belong) as parts of the 
larger, more complicatedly constructed compounds. These simpler units 
are supposed to wander about unchanged from compound to compound 
in their reactions, just as do the elements in the case of inorganic compounds. 
While the salts could be uniquely divided into two parts, so long as one 
dealt with reactions in aqueous solution 4, this was not true of organic 
compounds, for which the necessary mode of division depended upon the 
particular reaction under consideration. It was not possible to set up a 
single reaction formula for a compound on the basis of a binary grouping ; 
the choice of the radicals in any particular case became therefore purely a 
matter of convenience and usefulness. This meant, however, that the radicals 
could not be unchangeable atomic groupings, and logical development then 
demanded an explanation for the composition of the radicals. 

When LAvuRENT first recognized the theoretical significance of the sub- 
stitution reactions observed by Dumas, a new viewpoint was developed in 
these matters. The importance of the substitution reactions just in this 
respect is that by their aid an attack on the atomic grouping of the radical 
is possible. A particularly lucid example was found in acetic acid, with the 
empirical composition C,H,O,. By the action of chlorine, three atoms of 
hydrogen could be replaced successively by chlorine to give compounds of 
the following compositions; monochloracetic acid, C,H,0,C1; dichloracetic 
acid, C,H,O,Cl,; and trichloracetic acid, C,HO,Cl,. During these changes 
the acid nature of the substance remains unchanged. 

A very important later discovery was then that of MELSENs ®, that the 
reverse reaction, the replacement of chlorine by hydrogen, was also possible, 
and that by the action of potassium amalgam on trichloracetic acid one 
could again return to acetic acid. LAURENT then made the assumption, already 
implied by Dumas, that the atoms in an organic compound are grouped in 
some particular fashion, and that, in the example given above, chlorine atoms 
enter those positions formerly occupied by hydrogen ®. Thus arose the 
concept of Substitution. What appeared most remarkable in these substitu- 
tions was their contradiction to electrochemical theory, a contradiction that 


8 J. v. LiepiG’s summary and compilation in Ann., 19 (1836) 270—281 (footnote). 

4 J. Berzeius had already recognized that the binary system of representation as 
based on reactions in aqueous solution is not always applicable to thermal decomposi- 
tions. As an example he gave ammonium nitrate, which can be formulated as a salt, 
NH,, HNO,, in aqueous solution, while on heating it undergoes irreversible decomposi- 
tion into N,O + 2H,O. Cf. J. BerzeLius, Jahresber. Chem., 14 (1835) 348. 

5 MELSENS, Ann. Chim. et Phys. (3), 10 (1842) 233. 

6 While this concept of substitution is really contained in the work of J. v. LIEBIG 
and F. WoutER on the benzoyl radical (Ann., 3 (1832) 263), no effort was made there to 
generalize the assumption. Cf. also This Volume, p. 5. 
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had appeared only in isolated cases, and to which little attention had been 
paid heretofore. The hydrogen atom, known from inorganic chemistry to be 
electropositive, could quite generally be replaced by electronegative halogen. 

It was therefore necessary to strike out on new paths for setting up the 
theoretical conceptions that could link together the facts of these known 
observations. The choice lay between these three: 

1. To fit the electrochemical theory, that had served so well in inorganic 
chemistry, to the new experimental facts. 

2. To revise the radical theory, to free it of its hypothetical electrochemical 
scaffolding, but to continue to base systematics on a dualistic principle, in 
order, with its help, to penetrate into the structure of radicals. 

3. To discard simultaneously both the electrochemical and the radical 
theories, and to create an entirely new theory. 

BERZELIUS chose the first, in that for the time being he did not wish to recog- 
nize substitution as a fact, and assumed rather that in the case of the action 
of chlorine on acetic acid, for example, deep-going changes took place in the 
structure of the molecules of the compound. He expressed this by differences 
in the formulas for the substituted and the non-substituted compounds: — 
he conceived of anhydrous acetic acid as acetyl oxide, [C,H,O,|O; anhydrous 
trichloracetic acid (= anhydride) as a so-called “‘paired’’ radical com- 
posed of one molecule of chlorohydrocarbon and one molecule of anhy- 
drous oxalic acid, and assigned to it the formula C,Cl, + C,O;. Ordinary 
trichloracetic acid was then written as a hydrate, [C,Cl, + C,O3] aq.7. In 
this way it was possible to retain the electrochemical theory for the com- 
ponents of a pair, in this case CCl, and C,O,. Later, after the important 
discovery of the reconversion of trichloracetic acid to acetic acid, BERZELIUS 
again formulated the two substances as similar, in that he split acetic acid 
anhydride, [(C,H,O,]O, to a pair of methyl and oxalic acid, CH, += Cs0,3 
he then wrote acetic acid itself as [C,H, + C,O,] aq. Now it was however 
logically necessary to admit that in the transformation of one member 
of the pair, i.e. of C,H, into C,Cl,, hydrogen was replaced by chlorine. This 
brought to the clear light of day the impossibility of saving the electrochemi- 
cal theory by a more or less arbitrary division of radicals into pairs. 

The second of the above mentioned possibilities is the logical method, 
by way of which one recognizes the valuable kernel in a previously well- 
tried theory, and then seeks to develop it further. At that time the mos¢ 
important thing of all in organic chemistry was, by the creation of some 
system, to bring about order amidst a multiplicity of compounds. With the 
help of the dualistic principle of the division of the formulas, the radical 
theory had already laid the foundations. For the setting up of a practically 


” aq. = aqua = water. 
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usable system it is not of primary importance to find an explanation for the 
cohesion of the atoms by means of such hypothetical pictures as the electro- 
chemical theory sought to give. Since theoretical interpretations based on 
known phenomena failed to yield an explanation, as was all too evident from 
the failure of the vain attempts of BERZELIUS, it was necessary for the time 
being to do without them. Furthermore, the existence of the substitution 
reactions demanded a change in the concept of a radical, or at least of the 
form in which one had been used to applying this concept. By a radical one 
could no longer understand an unchangeable group of atoms that retained its 
identity throughout all possible types of reactions. It is true that the ex- 
periments of DuMAs on the relationships between ethyl chloride and ethylene 
had already shaken at the roots of this concept, but it was not until 1850 that 
a newly modified, practical, and useful concept of a radical based on the 
phenomena of substitution was put into a clear form by KOLBE, as follows: 

“On the contrary, the facts at the present moment almost force us to the 
view that the organic radicals are variable groups of atoms in which Cl, Br, 
NO,, etc. can replace hydrogen equivalents. In such reactions the molecular 
grouping of the atoms remains intact, but at the same time secondary 
radicals result which are in part still endowed with properties similar to 
those of the primary radicals.’’ § 

Later on KOLBE assumed carbonic acid as the binding link between 
inorganic and organic compounds, and made this the basis of his specula- 
tions. By his choice of a simple carbon compound he was able to do what 
had not been done before, i.e. to penetrate into the composition of the 
carbon-containing radicals. He substituted the oxygen of carbonic acid by 
equivalent amounts of other elements, and thus was able to derive in a 
logical way ;—just as BERzeELius had derived the binary combination of 
K,SO, from the atoms themselves ;—binary linkings of the organic com- 
pounds. He thus developed the idea of paired radicals, as created by BERZE- 
Lius, to a usable system. This resolution of the formulas of numerous 
radicals,—it could not be done in all cases,—led KoLBE to predict differ- 
ences in the types of structure of radicals of the same elementary composi- 
tion; to predictions on the properties of unknown isomeric compounds 
never even conceived of before, but then later on verified by actual experi- 
ment. The nature of, and the manner in which KoLBE derived, his reaction 
formulas follows from the summary below, in which the formulas differ 
from those he gave by the use of the atomic weights in place of the equivalent 
weights, and by omission of arbitrarily added water of hydration ?: 


8H. Kose, Amn., 75 (1850) 211; 76 (1850) I. cre 
* Cf. also E. HjExt, Geschichte der organischen Chemie (History of Organic Chemistry), 


p. 219 and 258, Braunschweig, 1916. 
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H H He (CH) H 
CO)O CO (CO) C 2) tte 
Se on H ? OEE 
Carbonic acid Formic acid Formaldehyde Methylalcohol Methane 
CH CH CH, CH, 
(eer (CO) leon lon 
OH H HJ H,| 
Acetic acid Acetaldehyde Ethyl alcohol Ethane 
CHs| oxidized CHs| CHs | 
CH, ;C,. OH ————__—> CO CH, + C, OH 
H | CH, | CH; J 
Once methylated ethyl Acetone Twice methylated 
alcohol, the isomer of ethyl alcohol, a 
the already known propyl tertiary alcohol. 


alcohol, hence “isopropyl alcohol” 


By his resolution of the radicals KoLBE had thus reached the question of 
the relationship of the atoms to other atoms and to one another. He did not, 
however, see that only a small step was necessary to recognize a simple 
guiding principle in his method of notation. What prevented him from seeing 
this more than anything else was that he was using the wrong atomic weights ; 
that in place of C he always wrote C,, and that he considered hydrogen and 
oxygen atoms as equivalent, and therefore wrote water as H,O,, hydroxyl 
as HO,, etc. 

It was only by way of a theoretically far more devious path that one 
first came to a guiding concept for the establishment of a system of formulas 
for organic compounds, and then indeed only by the use of the correct 
atomic weights. This way, the third of those mentioned above, was trod by 
the majority of investigators, who. rejected the radical theory along 
with the electrochemical theory. The so-called Substitution Theory, which 
was to replace the radical theory, was at first only a description of the 
phenomena with the help of empirical formulas, but not a true and genuine 
theory 1: According to it the atoms which were in some, but no particular, 
way or other grouped together, were exchanged one after the other, and 
thought of as substituted without interfering with the arrangement of 
their various positions. It was the task of directed research, conscious of 
the object in view, to attack the problem of this originally purely hypo- 
thetical arrangement of the atoms; and indeed very soon DuMAS required 
that in substitution reactions certain structural types must remain un- 
changed. His originally very clearly expressed assertion that only the 
position, and not the nature of the atoms, was a determining factor for 
the essential character of an organic compound was easily refuted, experi- 

0 E. HYEvT, 1.6, ref. 6, p. 142 
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mentally, in this form, and could even be made ridiculous in its conse- 
quences 11, 

At first, however, due to the lack of even somewhat solid foundations, 
one was led astray in the search for useful and usable structural types. 

It was only in 1848-1849 that experiments of A. W. Hormann and 
A. WurRTz on classes of compounds that show great chemical similarities, 
the amines, gave some clues for sure foundations. These investigations 
indicated clearly that the primary, secondary, and tertiary amines, then 
known as the amines or amides, imines (imides), and nitrile bases, belonged 
to the ammonia type of compounds, — 


H;N H!N YIN YIN. 
See pte lies | lemme 


The groups X, Y, and Z that replace or substitute hydrogen are recognized 
again as the radicals that had just been thrown overboard by the substitution 
theory. Later WILLIAMSON placed the type, water, alongside the type, 
ammonia. In doing this he was led not by chemical similarity, but by the 
possibility that the type-method of representation would enable him to 
illustrate the formation of an ether from an alcoholate and an alkyl iodide: 


C2H; | C,H; | C2Hs| 
O 0.4. CH,I.= O + Nal. 
H | Na] CH, | 
This formulation served just as well for the formation of ethers from 
alcohols and sulfuric acid. GERHARDT brought this “Type Theory” into a 
comprehensible system; he wrote the four following types side by side: 
H H H H 
lo tly. 
H Cl H{ H| 
Later on the first two of these were recognized as equivalent. The Type 
Theory experienced development beyond this simplest form by the estab- 
lishment of multiple types, purely schematic, by means of which polyvalent 
alcohols, polybasic acids, etc. could be represented. Thus glycol was derived 
from the water double type, glycerin from the tri-type of water: ” 


CH, H C,H 
Jolie 2 Amalie Sa Gy ‘lo, seat 
H,J H, J H, J HJ H, J 
Water Glycol Water Glycerin 
(double type) (tri-type) 


11 “S C,H, WINDLER” (= Swindler) (W6HLER), Ann., 33 (1840) 308. The complete 
letter is reprinted in Advanced Organic Chemistry, by G. W. WHELAND, John Wiley & 


Sons, New York - London 1949, p. 678. F. H.R. 
12 These formulas for water are not to be thought of, however, as representing, OT as 


indicating a knowledge of, the polyhydrols. i Sp Gor 5 
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Of greater importance was the general introduction of mixed types by 
KEKULE in 1857. In these several individual types were joined together by 
some element that was joined to, or possessed, several hydrogen atoms or 


groups, as for example: 


~ rT ZO 
CH, | CH,OC.FN—C Cy 
O | 
(CoH for H 
N H : é 
| C,H.O N-[2-methoxy-ethylj-benzamide . 


Naturally, of course, the hydrogen type a was likewise thought of as 
capable of holding together two types, as in the-mixed type of the quaternary 


bases: 
sah 
H;N 


H J The ammonia-water type. 
HI 
HJ 


From here on the logical development led further to the theory of atomic 
chain-linking. 

In these formulas of the type theory, the carbon-containing radicals are, 
thanks to the efforts of GERHARDT and LAURENT, already written with 
the proper atomic weights, but they are not further split up into their 
constituent parts. The existence of a true fourth type was first recognized 
by KEKuLE. He was led to this fourth type from the fact that compounds 


. . . . . . H 
which could only be derived by substitution in such radical types as Ht Cc; 
H H 
or afc were never known, and that the radicals corresponding to those 


types do not exist as such, but always only as compounds possessing 
twice this molecular weight. Therefore KEKULE set up the fourth type, that 
of methane: H 


ipa 
H 
H 


C 


At the same time as KEKULE, COUPER independently found as a guiding 
principle for the structure of types the capacity of the elements to unite 
with a certain definite number of hydrogen atoms, or with a certain number 
of other atoms or radicals equivalent to this same number of hydrogen 
atoms. KEKULE called this property ‘atomicity’ and understood by it 
what we today call value or valence. KoLBE had already somewhat earlier 
recognized, but of course not explicitly emphasized, the tetravalence of 
carbon, which he wrote as C,, in certain cases, but his formulas, written 
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with false atomic weights, prevented him from establishing this tetravalence 
of carbon as a general principle. In itself the concept of atomicity was still 
older, for FRANKLAND }, in his investigations on metal-organic compounds, 
in 1852 had already expressed the view, ‘‘that the affinity of the combining 
atom is always satisfied by the same number of adjoining atoms, without 
regard to their chemical nature or character’? 4. While he had placed the 
organo-metallic compounds of arsenic, antimony, tin, and mercury in 
parrallel with the organic bases of HormaANnN and Wurtz, he did not, 
however, attempt to make a generalization. } 

In KEKULE ¥ too we find the fundamental idea leading to the concept 
of the valence theory indicated already in 1854. This idea was also expressed 
at the same time, and probably in similar form, by ODLING, with whom 
KEKULE was acquainted. While however, here, as in the remarks of FRANK- 
LAND and KOLBE, the idea of a definite valence of the atoms was either not 
recognized as a generally valid principle, or was only implied (‘‘expressed 
in a hidden manner’’), both KEKULE and CouPeER had in 1858 attained 
complete clarity as to its general significance. 

The introduction of the type methane to the mixed types now led on 
also to the concept of the linking of like atoms as well as of unlike. This 
is clearer in COUPER’s manner of writing than in the formulation of the 
types. COUPER’s system of representation soon replaced all other less 
practical formulas or pictures, including, as well, those of KEKULE and 
Loscumipb?. According to this system, the symbol of each element is given 
as many dashes as corresponds to its valence, and in any compound the 
total number of the valences contributed by the various elements must 
cancel, i.e. link up, one into the other, so that no valence dash is left over. 

In order to have a comprehensible or visualizable picture of these relations, 
and one based upon atomic theory, the atoms were thought of as equipped 
with hooklets. In the formation of a compound the atoms join together by 
these hooklets, and each pair of linked hooklets was thought of as represented 
by a valence-dash. Between any two atoms united by a dash there is a closer 
relation than between more distant atoms; these two atoms are linked to- 
gether by a chemical bond. At the base of this crude mechanical hypothesis 
of atomic linking lies a deeper physical meaning, which can, however, only 
be appreciated today from our knowledge of atomic structure. 

The principle of atomic linking yields a visualizable explanation for the 
existence and formation of the multiplicity of organic compounds built up 
out of numerous atoms, like and unlike; the concept of the valence of 


13 E, FRANKLAND, Ann., 85 (1853) 364 etc. 
14 This is of course not true as it is stated in terms of atoms. 


15 A, KEKULE, Amn., go (1854) 309. 
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the elements sets limits to the structural possibilities. The Valence Theory 
built on the base of both these principles proved itself to be very capable 
of development; and, because of its simplicity, and in spite of its incom- 
pleteness and inadequacies, it forms, and will forever remain, the foundation 
for the formulation of organic compounds. 


(12) VALENCE 


During the course of the years the concept of valence has undergone certain 
modifications. For this reason it is necessary to make clear what we shall 
here mean by the term valence. Originally, after our science had come to 
a clear understanding of the correct atomic weights, the concept of valence 
was created to designate the relation between the atomic weight and the 
equivalent weight. From this standpoint valence is simply that whole number 
by which the equivalent weight must be multiplied to obtain the atomic 
weight. Equivalent weights are such weights of the elements as can mutually 
replace one another in compounds. By logical consequence, this concept 
can also be extended to molecules, and a definite numerical ratio can be es- 
tablished for the valence relationship between the molecular weight and the 
equivalent weight. It was in this way that the nomenclature of the poly- 
valent (= polyhydroxy) alcohols !® still in use today arose. In the case 
of acids and bases, however, the terms polybasic and polyacid, respectively, 
were retained, although one could here as well have spoken of multiple value 
or polyvalence. Prerequisite for the establishment of the concept of valence 
was that one had available for study comparable compounds which could, 
by simple reactions, be derived from, or converted to, common substances, 
or to one another. Thus the divalence of oxygen is derived at once from 
a comparison of CH, with CO,; but the comparison of PCI; and POG, 
since Cl is univalent, likewise leads to the same conclusion ; 
PC, <= Cl, =  PCi 
PCL, +O = OBCh: 

In the case of binary compounds difficulties are encountered only when 
they show no genetic relationships to compounds in which one of the 
elements is univalent. Examples of such compounds are NO and CO. One 
usually helped oneself in these cases by assuming oxygen to be always a 
divalent element, in accord with which all the other elements united with 
it had to behave. It is clear that this arbitrariness necessarily led to a 
vagueness of the concept of valence 17: in reality, in such cases the very 


*© Usual German nomenclature for the polyhydroxy alcohols. 


“ For further examples of indefinite formulations of the concept ais ” 
Book III, Chapter XVII, p valence”’ Cf, 
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concept of valence has lost all significance. Compounds consisting of three 
or more elements also created great difficulties: for a long time it was not 
sufficiently clearly recognized that in order to obtain the valences of the 
elements they contained it was necessary to derive them from binary com- 
pounds. Thus for example, sulfuric acid, H,SO,, was derived from water 
= H,0, and sulfur trioxide = SO,. The valences of the elements in these 
binary compounds were then adopted as the valences in the more complex 
compounds. The failure to recognize this necessity, among other things, 
for long years led KEKULE astray in his considerations on the constitution 
of the sulfonic acids. More than that, KEKULE was almost bewitched by 
his belief in the concept of a constant and unchangeable valence for each 
element, and therefore assumed divalent sulfur in sulfuric acid, as expressed 
by the structural formula, 


H—O—S—O—O—O—H. 


On the other hand, the concept of equivalence, and hence of valence, 
was perfectly clear and unique in the case of the salt-like compounds of 
the metals, for here FARADAY’s law gave the numerical factor that related 
the equivalent and the atomic weights to one another. At the same time 
these salts also illustrate clearly the fact of variable valence 18. Likewise 
it can be recognized that the concept of valence must be in some sort of 
relationship to the electrical properties of the atoms and the molecules. 
Accordingly valence appears as the number of positive or negative element- 
ary charges carried by an atom or a group of atoms. According to this, 
one must then distinguish between positive and negative valence, a distinc- 
tion that was originally foreign to the very concept itself, for in organic 
compounds an atom of electronegative chlorine had been conceived as 
equivalent to an atom of electropositive hydrogen (Cf. p. 8). This electro- 
chemical formulation of the concept of valence, from which one usefully 
sets out today in a didactic introduction to the teaching of chemistry, i.e. 
in opposition to the actual historical development, could be given in all 
clarity from that moment when one ascribed to electricity an atomistic 
structure, and coined the concept of the ion. 

The concept of equivalence has therefore really been established in two 
different ways. Originally it was a purely stoichiometric concept. By it, on 


18 Here we need -not enter into the cramped attempts that were made to save the 
concept of “constant valence’ for the case of the metals as well. Thus, for example, 


Cl 

dl 

iron was assumed and written to be always tetravalent, thus FeCl, = CL >Fe=Fe : 
Cl Cl Cl 


ti : ’ 
in analogy to ethylene, and FeCl, = Cl>Fe—Fe—Cl, in analogy to ethane. 
Cl Cl 
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experimental foundations as given by analyses and chemical transforma- 
tions, the ratios of small whole numbers that arise in various formulas are 
related one to another for various compounds. The electrochemical definition 
of the equivalence concept is defined more narrowly, but, in recompense, 
physically more exactly. At first, however, this exact form of the definition 
can be given only for electrolytes, on the basis of FARADAy’s law. It contains 
simultaneously an explanation for the experimentally found stoichiometric 
relations in the case of the electrolytes. The question now arises whether 
the extension of a concept of equivalence defined on the basis of electrical 
phenomena, and hence also of a valency concept correspondingly defined, 
to non-electrolytes is possible ;—whether it appears useful and practicable, 
and how, in any given case, such an extension and application is to be 
carried out. 

The lack of unanimity as to how one should formulate the concept of 
valence on an electrical basis for the non-electrolytes, and with the help 
of the newer ideas on molecular structure and the chemical bond, shows 
most clearly the difficulties involved in the development of such a concept. 
On the other hand we have the fact that for several decades organic chemists 
got along very well with the stoichiometric definition of valence. It is of 
course true that in so doing it was necessary to accept into the bargain 
the above imperfections. These consisted and lay, on the one hand, in the 
fact of the varying valence of an element, and on the other, in the failure 
of the concept itself, due to the inapplicability of the fundamental definitions 
to some of the compounds. These imperfections were such that in the early 
developmental stages of organic chemistry one did not yet recognize them 
clearly. But in spite of these imperfections—which are no longer a hin- 
drance to the progress of the science of organic chemistry, as soon as 
one is able to understand and evaluate them exactly—the development of 
the magnificent system of organic chemistry was able to proceed, without 
inner contradictions, on the basis of the classical stoichiometric definition 
of the valence of atoms. Therefore it no longer seems worthwhile to modify 
the classical definition of the concept of valence, which appears to be 
without contradiction from the point of view of experience. It is better 
to supplement it appropriately, where necessary, rather than to create 
new concepts intended to be more comprehensive, but on which one will 
observe the straight-jacket in which they exist as soon as an effort is made to 
apply them logically and consequentially in a more general way. For that 
reason we shall here develop the structure of the system of the organic 
carbon compounds on the basis of the classical concept of the valence of 
atoms, i.e. on the basis of the classical valence theory. 
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(121) THE SYSTEM OF THE CARBON COMPOUNDS 


The most important conclusions from the valence theory are, briefly, the 
following: 

Either similar or different polyvalent atoms can be links of a chain. The 
linking together of two like atoms is, so far as experience shows, most com- 
mon and most stable in the case of the carbon compounds. 

The structure of a chain consisting of equal numbers of atoms of elements 
of valence greater than 2 may vary. This difference in structure gives rise 
to isomerism. Thus a chain composed of carbon atoms may be normal, or 
more or less branched; the simplest case is that of the isomerism between 
butane and zsobutane, 


(Sle ieb H 
Et | | H H | 
aN zs 
Ha CaG dC. phy a a ae 
H ie > “EE H | H 
G 
ra 
HHH 
Normal Butane zso-Butane 
(straight chain) (branched chain). 


This type of isomerism is known as structural isomerism. If all the carbon 
atoms carry only hydrogen atoms, then the composition of these chain- 
type paraffin hydrocarbons is given by the formula C,H.,,>. Such a 
series of compounds is known as a homologous series. 

The members of the homologous series of the cyclic hydrocarbons, which 
can be conceived as formed by the mutual union of two chain-links of the 
open-chain series, contain two fewer hydrogen atoms, and are represented 
by the formula C, Hazy, 


CH, CH,—CH,~_ 
fits, CH, 
CH,—CH, CH,—CH,— 
Cyclopropane Cyclopentane. 


When only a part of the hydrogen atoms are replaced by other elements, 
the sum of the number of odd-valence atom elements, as for example 
nitrogen or halogen, plus the number of hydrogen atoms, must always be 
an even number, for the odd-valence atom that replaces a hydrogen atom 
will always possess an even number (including zero) of residual valences in 
addition to the valence involved in the substitution. This law is known as 
the Law of Paired Atom Numbers, or the Law of Pairwise Valence. 

As these simplest applications already show, the achievement of the 
valence theory lies first of all in the creation of a comprehensible and 
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synoptical system in which every organic compound finds its proper place. 
The further development of the valence theory signifies extensions, or in 
some cases restrictions, of this simple system. The concepts of stereochem- 
istry, and the doctrines of molecular compounds, and of compounds with 
abnormal valences of the individual elements, have been added to these 
simple principles of valence theory in the direction of its development. 

The formulas that can be derived by means of valence theory should, 
however, accomplish more than to make possible a merely schematic sles 
ing of the organic compounds; they should also be “Teaction formulas 
Conversely, they can be derived only on the basis of the chemical behavior 
of the substances. The guiding principle is the cornerstone of the theory of 
substitution: In a compound each atom has its own position, and all 
reactions consist of a replacement of an atom, or of a group of atoms, by 
another atom or group of atoms. In other words, the building type, or the 
structure, remains unchanged in all reactions; only at the one position in 
the molecule, at which the reaction-attack takes place, is anything changed; 
more remote parts of the molecule remain unaffected. In accord with this 
principle, we should, for example, expect the following sequence of reactions 
to take place: 


/H,—CHy CH,—CH, H N GHEGE H 
CH; ase ue HBr 3 nC AgNO, aed 


: —s es 
pos. hel oe rss = 
CH, OH CH, Br CH; NO, 
sec.-Butyl alcohol sec.-Butyl bromide sec-Nitrobutane 
identical with 
: 
sp ft ex HNO, ra es Ta eS 
C <—_———_ cghogs 
GH. OH Nitrous acid CH; NH, 
sec.-Butyl alcohol sec.-Butyl amine. 


It is in this sense, then, that the structural formulas are to be regarded 
as reaction formulas. 

As an example of a structure-determination to be carried out in this 
way, let us choose the two paraffin hydrocarbons C,H,,, of which one boils 
at o°, the other at —z2°.C. For these two ‘substances two different carbon 
frameworks, one with a continuous or straight chain, the other with a 
branched chain, are possible. The ‘‘normal hydrocarbon”’ with the straight 
chain should, according to Wurtz, be synthesizable in two ways by the 
Wurtz method; first from two molecules of ethyl bromide, and secondly, 
from one molecule each of propyl bromide and methyl bromide; the branched 
chain hydrocarbon should be synthesizable in one way only, i.e. from 
1so-propyl bromide and methyl bromide: 
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Synthesis of n-butane, b. pt. 0° C. 


1. CH,—CH,—Br + Br—CH,—CH, + 2Na —> CH,—CH, CH,—CH, + 2NaBr 
2. CH,—CH,—CH,—Br + Br—CH, + 2Na —> CH,—CH, CH,—CH, ++ 2NaBr 
t Br, 
CH;—CH,—CH, 


as well as CH,—CH, from 2CH,Br, and CH,—CH.—CH,—CH.—CH.—C 
from 2 Gi Cy CH or, 3 3 2 2 2 2 Vg 











Synthesis of zso-butane, b.pt. —r2 °C, 


CH, HH Che fH 
-&_/ + BrCH, + 2Na—> SCO + 2NaBr 
Cie ¢= "Be CHeTs 3CH, 
i: Br, 


CH,—CH,—CH, ; 
as well as CH,;,—CH, from 2(CH,Br, 


oN H H GH; H 
and F Sc C<_CH, from 2 ce 
CH, aes & CH, Br 


These syntheses likewise yield the structures of the two propyl bromides 
which are obtained from propane by the action of bromine; that propyl 
bromide which yields the same hydrocarbon as does ethyl bromide must 
be the normal or n-propyl bromide. 

The assumption of the least possible structure change in chemical reac- 
tions is a hypothesis which is not to be taken as self-evident, but which 
must be tested out for its justification, as for example by some cyclic process 
like that given above. From this follows as a problem the critical verification 
of the question whether, and in how far, the principle of direct substitution 
is applicable, and in how far the formulas are therefore suitable for the reading 
off of the courses of reactions, and can be looked upon as true reaction formulas. 

. The two principal problems of organic chemistry, that thus arise after 
the establishment of the theory of valence in its simplest form, are then 
the development and amplification of the system, and the verification of 
the foundations of structure research and proof. Of these two, the former 
was first noted, since for the time being the principle of substitution justified 
itself in determinations of structure, and appeared to require no revision 
or modification. 

Already when he set up the methane, CH,, type, KEKULE had been forced 
to leave out of consideration a large number of compounds containing less 
hydrogen, for they did not fit into his system, and also could not, without 
more ado, be brought into conformity with the principle of the tetravalence 
of carbon. Among these was the whole homologous series of the ethylenes, 
C,H>s,, with their derivatives. These hydrogen-deficient compounds are 


20 THEORETICAL FOUNDATIONS OF THE SYSTEM I 


characterized by their capacity to add on other substances, such as the 
halogens, hydrogen halides, hydrogen, sulfuric acid, etc., being thereby con- 
verted to compounds of the paraffin series, and are therefore called wnsatu- 
vated compounds 1, In order that the principle of the tetravalence of carbon 
should apply to these compounds as well, one adopted the suggestion of double 
bonds made by ERLENMEYER in 1862, and wrote ethylene H,C=CH, (Cf. also 
the graphic formulas of LoscumrpT in 1860 and of WILBRAND in 1865). By 
analogy then, one assumed a ¢riple bond for another, still more hydrogen- 
deficient series, the initial member of which is acetylene, HC==CH. The 
hypothesis of free valences existing in pairs in the unsaturated compounds 
had been favored for som etime, since it gave expression to the idea that addi- 
tion was possible due to so-called “‘vacant bonds” in these compounds. 
Thus for ethylene one wrote the formula CH,—CH,. Since, however, this 
form of representation ran counter to the principle of the constant tetra- 
valence of carbon, as derived from the non-existence of free radicals with one 
free bond, such as H,C —, it was soon again abandoned. In the representation 
of molecules by models, the multiple bonds signify that the linking of two 
neighboring atoms may be accomplished not only by two, but by four or six 
hooklets, as well. This concept of multiple bonds was then applied to other 
elements, — to nitrogen, oxygen, and sulfur. 

The problem originally set, of developing and expanding the valence 
theory system in order to include the unsaturated compounds, has thus 
been solved formally by the introduction of the three types of bonds. The 
mutual relations of the atoms within the molecules are then expressed by 
structure and type of bond, and collected together under the concept of 
the “constitution” 2, 

The notation involving multiple bonds is not, however, confined to express- 
ing classification of substances in a system. The symbols in common use also 
express the concept of the capacity of atoms united by such bonds to enter 
into addition reactions. By doing this, however, one goes beyond the original 
object of valence theory, which consisted in the creation of a system. The 
desire to see more in these formulas than a mere system becomes still more 
evident in the formulation of the very numerous, still more hydrogen- 
deficient, substances that could still not be encompassed by the introduction 
of the concept of multiple bonds. The derivatives of benzene and naphtha- 
lene, above all, still occupied positions outside the system. It was only 


¥ The first attempt to classify these hydrogen-deficient compounds in the system of 
organic chemistry was made by A. Laurent, Ann. Chim. et Phys. [2], 61 (1836) 125. 
a Usually the concepts of structure and constitution are used interchangeably 
without distinction, but it seems more suitable and Satisfactory to use the word 
structure for the more narrow, and the word constitution for the broader, concept, 
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very much later that transitions from this ‘‘aromatic’’ series to the aliphatic 
series, and conversely, became known 21, It was not possible simply to link 
together the atoms of these compounds in chains, in conformity with the 
concepts of structure theory, and for this reason KEKULE had merely 
spoken of a ‘“‘denser arrangement together of the atoms” in these compounds. 
It had long attracted attention that the radical C.H;, which had to be 
assumed in these compounds, was much more resistant to attack on its 
carbon skeleton than were the alkyl radicals 2%. In vigorous reactions 
numerous aromatic compounds were degraded to such an extent that the 
degradation products could easily be recognized as derivatives of the 
phenyl radical, containing at least six carbon atoms. This nucleus 23 of 
six carbon atoms was conceived by KEKULE in 1865 as a symmetrical, 
six-membered, ring or hexagon *4. For the parent substance, benzene, 
C,H,, he wrote the structure 


The most important consequences of this symmetrical formula are the 
isomers which’ one can derive therefrom on the basis of the substitution 
principle. In conformity with experience, the equivalence of all six of the 
hydrogen atoms permits of the existence of only one monosubstitution 
product; but of three disubstitution products, due to the differences in the 
relative positions of the hydrogen atoms (and the substituting groups to 
one another as well), and distinguished from one another as ortho-, meta- 
and para-compounds ; 


CH, CH, 
in me cay | 
\ cH \_ cu, is 
CH, 
o-Dimethylbenzene, m-Dimethylbenzene p-Dimethylbenzene, 
substituents in neigh- substituents at oppo- 
boring positions site corners of the 
hexagon. 


21 An exception occurs in the formation of mesitylene from acetone and sulfuric acid, 
a reaction discovered by R. KANE in 1838. Cf. This Text, Chapter IX, p. 646. 
22 H. KoiBe, Amn., 76 (1850) 23; Cf. also B. Tottens and R. Firtie, Ann., 131 (1864) 
03. 
‘ n Cf. also the nuclear theory developed by A. Laurent, Ann. Chim. et Phys. [2], 
61 (1836) 125. 
24 A, KEKULE, Ann., 137 (1865—66) 158. 
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In the case of three like substituents, we have also three tri-derivatives; 
the possible positions are designated as vicinal, symmetrical, and asym- 
metrical, e.g.; 


OH OH 
/\ ou ] | ‘ 
| 2 HOW OH 3 OFF 
seers ‘al ve 
OH OH 
ic.-Trihydroxy- sym.-Trihydroxybenzene, as-Trihydroxybenzene, 
Seheen hc perowaticl or phloroglucinol or hydroxyhydroquinone. 


In an analogous way, the formula of naphthalene is expressed by two 
hexagon rings joined together on two neighboring carbon atoms (‘‘condensed 
rings’) as proposed by ERLENMEYER in 1866: 


OH 
WN as ct 
| 
Cae, SAF Rie 
Naphthalene a-Naphthol 8-Naphthol. 


The symmetry of the naphthalene structure leads to two possible mono- 
derivatives, called the « and the 8, which is in conformity with actual 
experience. 


As further examples we have; 


Oy ee 
ar 


a 
Anthracene Phenanthrene 
3 monoderivatives 5 monoderivatives. 


In the case of the heterocyclic compounds in which an «-CH-group in the 
ring is replaced by a nitrogen atom, we find correspondingly ; 


Y 85 14 Si ked 
(ps 66 3 6 Ys 
/ 
Va ¢ lie of gle 2 “/ N 2 
N 78 Ni NAS a 
Pyridine ; Quinoline tsoQuinoline 
3 monoderivatives 7 monoderivatives 7 monoderivatives. 


By means of the number of position isomers of the derivatives, the 
Symmetry of the parent substances, at first only envisioned intuitively, 
is now recognized with certainty. 

For benzene itself, however, further proof was necessary. For here it is 
possible, by a suitable spatial arrangement of the atoms, to construct a model 
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that willexplain the number of isomers just as well as does the planar hexagon. 
This second possible solution was proposed by LADENBURG in his prism 
structure formula, which, however, we shall not discuss further at the present 
time (Cf. however p. 644) ®°. The refutation of this brilliant, and well thought- 
out, speculation was only possible when the transformation of benzene and 
its derivatives to cyclohexane and its derivatives had been carried out. 

In the course of time many such transformations were realized; they 
certify to the presence of the hexagonal ring in benzene. The very important 
proof that cyclohexane is identical with hexahydrobenzene was first carried 
out by BAEYER. As BAEYER®® first established for the three isomeric benzene 
dicarboxylic acids, the phthalic acids, the addition of hydrogen to o-substi- 
tuted benzenes leads to 1, 2-di-substituted cyclohexanes; the m-substituted 
benzenes yield 1,3-di-substituted cyclohexanes, and the -substituted 
benzenes yield 1,4-di-substituted cyclohexanes. We thus see that the 
relative positions in the six-membered ring of benzene derivatives, as 
established on the well-known basis of the number of isomers, remained 
unimpaired on conversion to the six-membered cyclohexane ring. 

According to the prism formula, which can likewise picture the con- 
version of benzene to cyclohexane, we would however obtain I, 3 or I, 4- 
derivatives of cyclohexane from the ortho compounds of benzene *’: 





Hy 
z ZN 
eZ ing oe eee CH,(3) 
| eo 
ep (2)H,C  CH,(6) 
qe SG Nc~ 
H, 


In the prism formula the ortho-positions are I, 2; I, 6) 3°43 3 eee 
5, 4; the meta-positions are I, 3; 3, 5 etc.; and the para-positions are 
To? ic, 

The establishment of the hexagonal formulas did not, however, establish 
any connection between the aromatic and the aliphatic compounds, and 
the ruling structural principle there, the tetravalence of carbon, does not 
find expression in the hexagonal formulas. In order to be able to carry 


25 A. LADENBURG, Ber., 2 (1869) 140. 

26 A von BAEYER, Ber., 23 (1890) 1272; Ann., 258 (1890) 145. 

27 For a detailed treatment of the prism formula, as well as of its refutation, its 
failure in the explanation of the constitution of naphthalene, etc. Cf. the Lehybuch der 
organischen Chemie (Treatise of Organic Chemistry) by MEYER— JACOBSON, a a 
I, 55 (in German). On p. 755 is also given the very first refutation by BAEYER, carrie 
out with the help of succinylo-succinic ester; it is, however, more difficult to: present 
than the later one given here (Cf. also This Volume, Chapter IX, p. 643). 
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through the concept of the tetravalence of carbon over the whole field of 
organic chemistry, KEKULE 28 wrote alternately single and double bonds in 
his benzene hexagon, and ERLENMEYER ”9 introduced the same system of 
notation into the double hexagon of naphthalene: 


a JN /\ 

| Ce: 

\ \ VA 
Benzene Naphthalene. 


By means of these formulations, however, one finds oneself in conflict 
with the concepts which are usually associated with the presence of a 
double bond; for the aromatic compounds are very much characterized 
by their stability and inertness as contrasted to the unsaturated compounds. 
If one wishes to make practical use of the doctrine of the tetravalence of 
carbon for an explanation of the type of atomic linking in the aromatic com- 
pounds, then one has no explanation for these, as well as for a number 
of other, inconsistencies. 


(?v) THEORETICAL PROBLEMS 


A comparison of the aromatic and the unsaturated compounds again 
shows us the tendency to try to derive the reactivity (reaction capacity) 
from the type of the atomic bonding. The chemical formulas are thus 
expected to serve in two ways as reaction formulas: First they should 
enable one to derive the possible reactions from the structure, in accord 
with the principle of substitution: and secondly, they should enable us 
to read off the reactivity from the type of atomic bonds. This latter idea 
is in its essence foreign to the schematic doctrine of valence that has been 
developed from the Type Theory. The all-equalizing simple bonding-dash 
is by its nature not suited to bring out the characteristic reactivities, 
Thus, for example, it is not evident from the formula of chloral (tri-chloro- 
acetaldehyde), 


Cl 
cisc_c7? 
OR SH 


why the C—C bond should be readily hydrolyzed by KOH, with the for- 


2° A. KEKULE, Bull. Soc. Chim. France [2], 3 (1865) 98; Z. Chem. (N. F.), 1 (1865) 
176. In the tables here given, the pictures for benzene correspond to our el SS 
formulas with double bonds. KEKULE explicitly emphasized the special hypothetical 
nature of this assumption; Ann., 162 (1872) 78, 

» E. ERLENMEYER, Ann., 137 (1866) 346 (footnote). A detailed experimental 
foundation, and formula-pictures still used today, are found in C. GRAEBE Ann., 1 
(1809) 1, 22. } . te 
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mation of CHCl, and H— Brite: while in the analogously built acetaldehyde, 


H 
H>c—c7° 
H~ "SH, 


the same bond is quite stable to this reagent. Nor is it any more com- 
prehensible why an oxidizing agent easily attacks the C—C bond in the 
I, 2-glycols, 
aR ae 
EL. 
R=€“0On | 
while it does not attack this bond in the corresponding hydrocarbons, 


R—CH, 
pda 

Such great differences in the reactive capacity of simple bonds do not 
find expression in the wnitary system of writing formulas. One must remember 
many empirical rules in order to be able to read off from a formula which 
bond will react most rapidly with a given reagent. The reason for this 
must be sought in the fact that when establishing the types, inclusive of 
CH,, use was made not of sfecific, but of all possible, reactions in order 
to recognize which atoms could at all be brought into closer relationship 
one to another, and which ones could not. Only in this way was it possible 
to find a general mode of expression, such as is the chemical formula, which 
would represent as completely as possible the chemical behavior of a 
compound. 

To the empirical rules as to the reactivities of individual bonds belong 
also those for the additive capacity of atoms held by multiple bonds; 
except that this characteristic peculiarity is simultaneously, for reasons 
of systematics, emphasized by means of the formula itself. In the same 
way, it is primarily only the systematics that compels a special formulation 
for the aromatic ring in order that every compound, as for example the 
ortho, meta-, or para-derivative, may receive its proper place in the system. 
As soon as one wishes to see more in the formulas than a simple system of 
order and classification, one leaves the solid ground of the systematic 
theory of valence, and must take up the second principal problem of organic 
chemistry,—the foundations of the methods of the investigation of constitu- 
tion. Before doing so one must however see clearly in how far the valence 
theory is at all suitable for a description of the course of chemical reactions. 
Since the schematics of valence formulas is based not only upon the doctrine 
of chain-formation and the valence of atoms, but upon two other principles 
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as well,—the principle of substitution and the principle of differentiation 
of various types of atomic bonding,—there arise two partial problems of 
which the first has already been touched upon: 

1. In how far are the structural formulas unique or single valued, and 
to what extent does the structure really remain unchanged in those reactions 
which we tend to regard as substitution reactions? i 

2. To what extent can we express differences in the reactive capacities 
by the primitive means of systematic valence theory, that Is, by means of 
the single, double, triple, and, if necessary, also the aromatic bond? he 

Before setting out to broaden the concept of valence, or even beginning 
to contemplate this, one must have clarified these questions, and if need 
be, by the use and help of the physical pictures of atomic structure. 

The experimental verification of the foundations of constitutional research 
may be done in two different ways, by means of chemical, or by means 
of physical, methods. The carrying out of the chemical method rests on the 
assumption that a chemical reaction always attacks only one part of the 
molecule, leaving the other part unchanged. The structure of this part can 
then be determined by means of other reactions, which in their turn also 
attack only locally. This possibility of “feeling off’, by proper choice of 
reactions, various parts of the molecule, is present only when the velocities 
with which the different atomic bonds are attacked are sufficiently different. 
Now a large number of bonds, chiefly simple C—C-bonds, as well as the 
bonds in the aromatic nucleus, are exceedingly unreactive with respect to 
a large number of chemical Teagents, so that the atoms which they unite 
form a rigid framework that passes unchanged through a large number 
of transformations. Which bonds are relatively resistant to certain reagents, 
which bonds on the other hand are quite labile or reactive, must be observed 
empirically, and remembered. The rules thus found are essentially qualitative 
comparisons of the various reaction velocities. To bring all these rules into 
some relationship one to another, in other words, to comprehend the relations 
between constitution and reaction velocity, is, as seen from the point of 
view of chemistry, the most important problem of organic chemistry. Whether, 
and to what extent, the valence theory, which indeed is the theory that led 
straight to the unitary system which takes no account of differences in 
reaction capacity, can be used to make these differences comprehensible, 
is a separate question that must be given special treatment. 

The use of physical methods frequently produces no attack on the frame- 
structure of the molecule. The relations between constitution and physical 
properties are likewise at first determined empirically, but in order to set 
up usable rules, use is made of measurements on compounds the constitu- 
tions of which have been determined beyond question by means of chemical 


tv THEORETICAL PROBLEMS 27 


methods. Only then can one derive, by conclusions based on analogies, the 
constitutions of unknown compounds. The physical method can free itself 
of this chemical guardianship only when it is possible to comprehend and 
interpret the physical properties on the basis of the molecular structure of 
compounds. The real problem of the relations between constitution and 
physical properties consists then not in the discovery of numerous usable 
rules, but rather in the theoretical correlation of these rules with the con- 
stitution, and thereby also with one another. 

Today we are still far removed from an understanding of all relationships 
between constitution and reaction velocity, as well as between constitution 
and physical properties. The problems are so difficult, and, in the multipli- 
city of the phenomena of organic chemistry, often show up so vaguely in 
the rules found by purely empirical methods, that we now find ourselves 
only in the beginnings of the disentanglement, and of the quantitative eval- 
uation of the experimental material that was frequently collected for quite 
different purposes. In many cases heretofore, the efforts have been directed 
to construct the formulas of the valence theory so pictorially that certain 
modes of reaction, as well as physical properties (and among these especially 
the color), should be clearly recognizable in the pictorial formula itself. 
Indeed the establishment of such pictures was considered to be the essence 
of the theories of organic chemistry. One must, however, not forget that 
such a representation is, in the great majority of cases, a circumlocution 
of the facts, although often very useful and experimentally fruitful; fre- 
quently, however, also connected with very vague concepts and analogies. 
In this way one may all too easily overlook, and deceive oneself as to, the 
real difficulties of the problems. An understanding of all the phenomena of 
organic chemistry, as seen from a common point of view, can be won only 
when one knows what is the physical significance of atomic chaining, the 
binding of atom to atom, and to what changes these atomic bondings may 
be subject in chemical reactions. Perhaps, however, in the opposite direction, 
physics too can, by a thorotgh knowledge of constitution, and chemical 
and physical properties, find inspiration for new theoretical concepts from 
out of the data of organic chemistry. 

From what has been said above, the subject matter falls into the following 


divisions: 


I. Further development of systematic valence theory, and of the concept 
of valence. 


1. Stereochemistry 
2. Molecular compounds and compounds with abnormal valences of 


the elements. 
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II. Foundations for the establishment of the system by use of the theory 
of valence 
1. Theory of substitution 
Tautomerism, intramolecular rearrangements, WALDEN Inversion, 
2. The Theory of multiple and aromatic bonds. 
Foundations of research on constitution, 
III. Constitution and physical properties. 
IV. Constitution and reaction velocity. 


(v) ELECTRON THEORY OF VALENCE 
(a) Bonding types 


The crudely mechanical picture of the atomic bond that represents the 
joining together of two atoms by means of two mutually linked hooklets, 
can today be made more precise on the basis of our knowledge of the struc- 
ture of atoms. The essentials of the principles of the structure of atoms 
that are of importance for the representation of the chemical bond are the 
following: The atom of an element consists of a positively charged atomic 
nucleus which is surrounded by electrons. The electrons compensate the 
positive nuclear charge; their number is equal to the order-number of the 
element. A certain number of electrons is bound considerably more loosely 
than the rest; these are the ones that, due to their loose bond of attraction 
to the nucleus, absorb electromagnetic waves of the frequency range of 
visible or ultraviolet light (For further details see Vol. II, Chapter XIII). The 
same electrons also participate in chemical reactions. The number of these 
more loosely-bound electrons is equal to the group-number of the element in 
the Periodic System. 

A chemical bond can then arise by a pairwise joint action of two electrons; 
the simplest example of this is the hydrogen molecule. The valence dash 
in H—H hence signifies an electron pair, which has entered in place of 
the old picture of the two linked hooklets. Now the difference of the new 
view, as compared to the old, lies not merely in the replacement of the 
valence dash by two dots between the two hydrogen atoms, as in H : H, 
to represent the electrons. Progress is to be seen rather in the fact that the 
electrons that effect the union have been recognized as independent particles, 
not thought of as rigidly bound to the atoms, as was the case with the 
hooklets. Rather they can pass over, or migrate, from one atom to another, 
and when this happens the atom that loses an electron becomes a positive 
ion, and that which gains an electron becomes a negative ion. Hence one 
may predict the existence of chemical bonds in which the electrons do not 
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belong equally to the two atoms involved in the bond, as was the case in 
the hydrogen molecule, but in which the atoms joined are unequal with 
respect to their electron numbers; one has fewer electrons than corresponds 
to its nuclear charge, the other more. As a simple example for this we may 
take the crystal lattice of sodium chloride. Here the lattice points lying in 
the corners of the cubes are occupied alternately by positive sodium ions and 
by negative chlorine ions. 

Alongside of the unitary type of bond present in the hydrogen molecule, 
in which on the average just as many electrons belong to an atom as corre- 
sponds to the nuclear charge, we have then also another type of bonding in 
which one of the combined atoms has permanently more or less given up 
one, or some whole number of, electrons to the other. In the latter case 
one may think of the electrically oppositely charged atoms held together 
as follows; that the ions of these atoms exert upon one another electrostatic 
forces of attraction in accord with CouLoMB’s law, and that these forces 
are effective down to certain very small distances where repulsive forces 
of a hypothetical nature just balance them *°. Indeed this theory can even 
be expressed in mathematical terms, and the values in question calculated 
numerically. Due to the opposite charges of the atoms linked together, this 
type of bond is known as a heteropolar bond *1. In contrast to it, the type 
of bond present in the hydrogen molecule is known as a homopolar bond. 

The types of bonds illustrated by the examples of the hydrogen molecule 
and the sodium chloride lattice represent extreme cases, between which 
there are various transition stages. An electron-pair effecting chemical 
bonding will belong exactly equally to both atoms only when these are 
completely alike, as for example in CI—Cl, or in H,C—CH3. But already for 
the case of iodine chloride, I—Cl, one may not assert that on an average 
just as many electrons belong to the chlorine nucleus as belong to the iodine 
nucleus, and as a matter of fact it follows from the physical properties of 


30 These repulsive forces cannot be explained in terms of the conceptions of classical 
physics. Even if one can with their help, — they are set proportional to a high power of 
the distance, a power as derived from experimental data, — describe and circumscribe 
the phenomena, and, by a clever choice of auxiliary magnitudes, such as ionic radii, 
calculate the differences in lattice energies, one must still not forget that the absolute 
values of the lattice energies cannot be calculed on the basis of these assumptions. 
Furthermore, the question as to the reason for the transfer of an clectron from one 
atom to another still remains completely unanswered. For these reasons one must not 
lose sight of the fact that the stability of the ionic lattice cannot be explained in terms 
of an electrostatic interpretation. 

31 Since the structural units in the heteropolar compounds have no electrons in 
common, it has seemed desirable here, for reasons of systematics, not to speak of a 
bond, but rather only of an tonic velationship. See in this connection B. EISTERT, 
Tautomervie und Mesomerie (Tautomerism and Mesomerism), pp. 13, 20, in Ahrens’ 
Sammlung chem. und chem-techn. Vortrage, N. F. No. 40, Enke, Stuttgart, 1938. 
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30 
iodine chloride (rather than chlorine iodide) that the centers of gravity of the 
positive and negative nuclear charges do not coincide, as they would if the 
electrons were equally distributed over both atoms (Vol. II, Book III, 
Chapter XII). This is true in still more marked degree for hydrogen chloride, 
in which the chlorine has pulled the bonding electron pair far over to its 
ion side, so that the hydrogen nucleus is attached to a structure very similar 
indeed to a chloride ion. 

This unsymmetrical electron distribution between two unlike atoms 
differs from the case of the extreme heteropolar bond to the extent that no 
whole number of electrons is permanently either added to or lost from the 
participating atoms, but rather that only the electrons are distributed 
unsymmetrically, and are thus nearer to the nucleus of the one atom than 
to that of the other atom. Such structures, in which the center of gravity 
of the negative (or electronic) charges does not coincide with that of the 
positive (or nuclear) charges, are known as dipoles. Starting from the other 
side, that of the heteropolar compounds, one comes in the same way to 
transitional types. In the lattices of a few salts, as of silver iodide, the outer 
electrons act upon one another so strongly, i.e. the ions mutually deform 
themselves so strongly, that one may no longer well speak of a complete 
electron exchange between the atoms, leading to the formation of two 
new structures, each with its own independent electron shell. 

These fine gradations between the limiting cases of the homopolar and 
the heteropolar bond can not be expressed by means of formulas. It is 
therefore useful to retain the bonding dash wherever we deal with sub- 
stances or groups of atoms that do not react as ions. If we wish to do more, 
we may, in the case of unsymmetrically built compounds such as iodine 
chloride, indicate the difference in sign of charge of the individual atoms 


by such symbols as G1 82, but in many cases one is not in a position to 
give such information. In order to represent clearly certain courses of re- 
actions, this qualitative indication ofadipole does have a certain significance 
and usefulness. In the formulas for the heteropolar, salt-like compounds 
one again uses the dualistic representation of BERZELIUS in a somewhat 
more advanced form; thus, following BERZELIUS, we write Mg[SO,], in 
place of MgO, SO,, but not a formula such as 
O 
ish es ss 


Sy as : O 


82 In England, in order to indicate that the + and the — do not indicate elementary 
S- st ; 





particles, one sometimes uses the symbols § + and 8 , thus e.g. Cl—I, This method 
does not, however, lead to any greater clarity in the comprehension of the formulas. 
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By this distinction between homopolar and heteropolar bonds, we have 
now emphasized two limiting cases of chemical union, but the multiplicity 
of types of chemical bonds is much greater than this. Various types of 
homopolar atomic bonds were already recognized by classical valence theory 
as simple, double, and triple bonds, at first from the point of view of being 
able to give expression to the valences of the atoms participating in the 
bonding. In the case of compounds with only simple bonds the relations 
between the older and the newer concepts of the nature of the chemical 
bond and of the concept of valence come clearly to the fore. They will 
be discussed in the next section. 


(b) Valence and the Chemical Bond 


The number of atoms with which an element may be combined to form a 
neutral compound is limited above by the number of its loosely-bound 
electrons. For this reason, these loosely-bound electrons, that determine 
the maximum valence of an element, are known as valence electrons. It is 
not, however, necessary that all valence electrons be active. In general the 
elements of the 5th, 6th, and 7th groups, in so far as they enter into problems 
of organic chemistry, are not penta-, hexa-, and heptavalent as would 
correspond to the numbers of their valence electrons, but appear rather as 
tri-, di-, and uni-valent. They appear therefore with a valence such that the 
sum of their valences and their valence electrons adds up to 8; thus when 
nitrogen with five valence electrons combines with three atoms of hydrogen, 
each of which furnishes one valence electron, to form ammonia, the total 
number of valence electrons is 5 + 3 x I = 8. There is then a tendency 
toward the formation of groups of 8 electrons, or the so-called eight-electron 
or octet shells, which appear also in the noble (or rare) gases. In accord 
with the suggestion of LEwis and LANGMuIR, such a group of 8 electrons 
is called an ‘“‘octet’”. The formation of such octets can be expressed in 
formulas by representing all valence electrons by dots, and not only those, as 
is done in analogy to CouPER’s dash formulas, that participate in a bond. 
Thus we obtain the following formula-pictures: 


LEwWIs-LANGMUIR octet formulas 


H H H H + vial Eli 
1 ig OS 8 Fe | He hes dale BOX pou ts oF 1s eek OS i Osun lal 
H H i mnie H H 
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in place of CouPER’s formulas, 


H H H H Cl H 
| | | 
rE ae H—N pee, F Cl H—C—C—H 
H H HOH 
Methane Ammonia Water Hydrogen Chlorine Ethane. 
fluoride 


The new LEwis-LANGMUIR 33 mode of representation enables one to recognize 
whether in the compound in question an atom is actually using all of its 
valence electrons, as in CH,, C,H, etc., or is not using all of them, as in 
NH, H,O etc., something that could not be read out of the old formulas. 
Since a bond always requires two electrons, and since the elements of the 
odd-numbered groups of the periodic system possess only odd-number 
valences, while the elements of the even-numbered groups usually exert 
only even-numbered valences (For exceptions, compare Chapter IV), the 
number of electrons of an octet that remain free is always an even number. 
These are grouped together in pairs, known as “lonesome electron-pairs”’ ; 
the nitrogen of ammonia has one, the oxygen of water has two such pairs. 
These Jone electron pairs or lone pairs of electrons can in some circumstances 
take part in the bonding of further atoms; thus for example the additive 
capacity of ammonia is due to its lone electron pair, as will be discussed in 
Chapter III. Since the older formulas did not give particular expression to this 
additive capacity, although it was known, one formerly spoke of “‘non- 
participating’, “‘inactive’’, or “‘latent’’ valences; fundamentally, however, 
this is exactly the same thing as is known in the LEw1s-LANGMUIR system as 
a lone, i.e., non-bond-participating, valence electron pair. American and 
English writers now usually call this an unshared electron pair. 

The octet theory demands that every atom, on entering into a chemical 
compound, seek to surround itself with eight electrons. The octet theory 
can not, however, be maintained in such a rigid form, i.e. as a law, and this 
in spite of the many efforts that have been made to formulate all compounds 
so that each atom would possess an octet. These attempts entwine one into 
just as insoluble contradictious as did BERZELIUS’ attempt to write the 
formulas of organic chemistry in the electrochemical-dualistic notation. 
For there are not only isolated cases of compounds with a particularly 
peculiar chemical behavior, but there are also numerous thoroughly stable 
compounds for which the octet-formulation fails unless one, so to say, 
assaults the meaning of the formulas. Examples of this are phosphorus 
pentafluoride, PF;, sulfur hexafluoride, SF, osmium octafluoride, OsF,, 
the anions of fluosilicic acid, SiF,”, of chloroplatinic acid, PtCl,”, and many 


aside) 52 N. Lewis and I. Lancmutr, J. Am. Chem. Soc., 38 (1916) 762; also G. N. 
Lewis, Valence and the Structure of Molecules. 
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others. In other cases, as in the carbonate ion, CO,”, one will have to calculate 
with stable sextets on the carbon atoms, i.e. if one wishes to hold fast to 
the equivalence of the three oxygen atoms #4, 


es Care) 
; Qs 
(in the planar, but not in the tetrahedral, form. F.H.R.) 


For the first row of the Periodic Table, however, the law that not more 
than 8 electrons can be in the outer, or valence, shell of an atom is strictly 
valid; this is merely another expression for the fact derived from experience 
that atoms of the first row are never attached to more than four univalent 
substituents. For the structure of NH,Cl etc., see This Text, pp. 38, 44-46, 
also Chapter III, espec. p. 111. 

This fact of experience is important for the application of the electronic 
method of representation to the multiple, as well as to the simple, bonds. 
Before going into this, the concept of multiple bonds must first be examined 
a little more closely. The types of bonds now under consideration, double 
bonds and triple bonds, were originally assumed, for reasons of systematics, 
to exist between two carbon atoms; then attempts were made to apply 
similar conceptions also to bonds of carbon with oxygen, sulfur, and nitrogen. 
Finally no questions were raised when these concepts were applied quite 
generally to bonds between all possible atoms. This led in the final analysis 
to an “inorganic structure chemistry”? in which formulas such as 


ZO Ow ZO Ox 0 
H—O—P P—O—P S 
me Oe O 
O 
H—On.¢720 H-—Sr.¢ 70 6 H—OnN¢ 758 
H-O-S<o0 H_o-S<o H_o-S<o 


are supposed to represent the structures. In reality they do, however, mean 
nothing more than a counting off of the valences, and hence of the valence- 
electrons participating, by means of a system of valence dashes. Since in 
this formal scheme no subdivision of valence dashes is possible, the formulas 
must be written so that the number of dashes going out from any one atom 
must equal the valence of that atom, exactly as for the (C—C-double bond. 
It is however wrong to go further, and conclude that the type of atomic 
bonding between, say, “doubly-bound” sulfur and oxygen, or between 


84 It is of course impossible to solve the problem of the bonds in the carbonate ion 
by means of such simple concepts alone; use must also be made of the concept of 
mesomerism or resonance (p. 356). (See This Text, also Vol. II, Chapter XVII, Section 8). 
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phosphorus and oxygen, is essentially the same as that between two doubly 
bound carbon atoms, no matter how near at hand such a conclusion may 
appear to be from a purely systematic point of view. From a chemical point 
of view, it is not justified. For the chemist relates to the concept of the 
carbon-carbon double bond a particular reactivity, expressing itself in 
terms of addition reactions. It is true that one does find this, though in a 
modified form, in those compounds that are written with a carbon-oxygen 
double bond, as in the aldehydes and ketones, as well as in compound swith 
multiple carbon-nitrogen bonds, as in the oximes and nitriles. Such an 
additive capacity does not, however, make its appearance in the sulfoxides 
and sulfones, very rarely in the nitro-compounds, (it is, however, present 
in the nitroso compounds) ; these compounds show no tendency to “‘dissolve”’ 
their “‘double bonds’ by addition, and thus to form two simple bonds. 
The neglect of this circumstance contributed to the temporarily very great 
over-estimation of the importance of inorganic structure formulas. 

With the help of the electron theory of valence, it is possible to see further 
even with the relatively simple and schematic mode of representation 
developed by Lewis and Lancmurr. In translating the old valence dashes 
into the new electron mode of representation, one may at first hold to the 
simple requirement that one dash is to be replaced by two electrons. Then 
the double bond will be effected by four electrons, and in place of the double 
dash we will write four dots: 


Hay) Oshbai Es Freie pe abeotec ie 
iGGh. ies MOne H:.C. 2) Net Nee 
H H H i ne 
in place of 
. ws Be CH, 
H aes 
ae Oen, ce=G H—C—N—N=O 
HO SH H~ | 
H 
Ethylene Formaldehyde N-Nitroso-dimethyl-amine. 


In this mode of formulation all four bonding electrons appear equivalent, 
and each atom is surrounded by 8 electrons, as demanded by the octet 
theory. One may however ask oneself the question, “‘Are all 4 electrons 
really equivalent?”’. This question will be discussed later on. In this new 
method of writing the formulas, the bond between a carbon atom and an 
oxygen could also be effected formally by a single electron-pair: 

(a: OF 

This would however lead to a violation of the octet rule, for in such 

a formula the carbon atom is surrounded by only a sextet of electrons. It is 


Vv ELECTRON THEORY OF VALENCE 35 


however, from the very beginning, quite questionable whether the electron 
formulas may be used in this way to represent either equivalence or non- 
equivalence of the 4 double-bond electrons;—and whether in such purely 
formal attempts one does not over-estimate the capabilities and possibilities 
of the new mode of representation. Thus the electron formula of iodine 
chloride, :Cl:I: , certainly does not express the unsymmetrical electron 
distribution that makes of the iodine the positive, and of the chlorine the 
negative, end of the dipole. In a similar sense there may be a non-equivalence 
of the 4 double-bond electrons in ethylene or formaldehyde, without however 
justifying one in expressing this by means of a carbon atom sextet, just 
as little as one may write iodine chloride as a heteropolar compound with 
an iodine electron sextet: 
x cl: | [ I aN 


The question as to the state of the double-bond electrons will be discussed 
in greater detail later on, under the heading of unsaturated compounds 
(This Volume, Chapter VIII, and Book III, Chapter XVII). At the present 
time let it only be said that a difference in the two electron pairs of a double 
bond has been definitely established. 

In the case of substances containing double bonds that are not subject 
to addition reactions, the situation is however different from that in those 
that possess a double bond that does yield to addition reactions. These 
non-adding, doubly bonded compounds are almost always ones in which 
the use of the usual dash valence formulas leads to the requirement of more 
than 4 dashes from some given atom; for organic chemistry it is chiefly 
the derivatives of pentavalent nitrogen that must be considered here; i.e. 
the nitro-compounds and the amine-oxides ; furthermore the sulfones derived 
from hexavalent sulfur, and the sulfoxides with tetravalent sulfur. At the 
present time let us not discuss the latter. 

In the nitro compounds, and in the amine-oxides, it is not possible that 
all doubly bound atoms be replaced by two singly bound atoms, for then 
the number 4, the highest possible substitution number for an element of 
the first period, would be exceeded. For in agreement with this, if the assump- 
tion holds that one valence dash corresponds to two electrons, the electron 
formulas would be in contradiction to the octet theory, since the nitrogen 
atom would be surrounded by 10 electrons: 


H oO: CH, 
H:C:N* H,C:N:0° C,H,: N?N: C,H, 
SS reise O- 


for 
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H CH, 
LO / 
tae H,C—N=0 C,H,—N=N—C,H, 
SO | 
i CH, 0 
Nitromethane Trimethyl amine oxide Azoxybenzene. 


By redistributing the electrons, this contradiction, or violation, of the 
octet theory can, however, be avoided: 


H Oz CH, 
H:C N° HCI Ot CH, Ne NieG Hy 
(aaa one CH, :O: 


According to these latter formulas, then, the two oxygen atoms of the 
nitro group are no longer equivalent as they were in the old dash formula; 
one of them is bound by 4 electrons, like the oxygen in the nitroso-com- 
pounds, while the other appears to be held by only a single electron pair 
like the oxygen in trimethyl amine oxide or azoxybenzene ®®», From a 
formal point of view, the oxygen atom held by only a single electron pair 
has one electron more than corresponds to its nuclear charge (considering 
half the bonding electrons as belonging to each element), the nitrogen one 
less; the oxygen therefore appears here as a negative element relative to 
the nitrogen. For this reason such bonds are known as half-, or semtpolar-, 
bonds. Because of the difference in charge between the nitrogen and the 
oxygen, one has also spoken of an intramolecular ionization in these com- 
pounds. This is however misleading, in so far as in the case of complete 
ionization, as for example in the lattice of sodium chloride, a whole number 
of electrons is given off or taken up, so that the charge-difference between 
the ions is an integral multiple of the electrical elementary quantum e. 
In the case of the semipolar bonds, however, nothing very definite is known 
as to the exact distribution of the electrons. If, in a purely formal way, 
we assign one of the electrons of an electron pair participating in a bond 
to the one, the second to the other atom, then it is at least certain that 
the center of (electron) gravity of the seven electrons that formally belong 
to the oxygen atom (charge —7e) will not coincide with the center of gravity 
of the positive charge (+ 6e) of the oxygen nucleus °*, Rather we shall have 


*° This is the type of problem for which the use of oxygen isotopes might be useful, 
if for example the two different nitromethanes, CH,NOl80 could be prepared. 
(CH,NO'O}!8§ is the more common U.S.A. notation.) This is, however, unlikely, for 
they would undoubtedly be tautomeric with rather a short life. F.H.R. y 

°§ In this calculation the two innermost electrons, which do not participate in 
chemical reactions anyway, have not been counted ; their charge of -2e has already 
been subtracted from the charge on the nucleus. For a comparison with the consider- 


ations and discussion which follow, see also R. F. Hunter and ie SAMUEL, J, Chem. 
Soc., (1934) 1180. 
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the situation that the nitrogen atom that has been partially robbed of its 
electrons, and which now has formally only four electrons as compared to 
a nuclear charge of + 5e, will seek to attract electrons to itself so that 
within the molecules no charge-difference of the magnitude 


| 


+tIe —Ie 


becomes concentrated in the centers of gravity of the oxygen and nitrogen 
atoms, but only a somewhat smaller one. The exact charge-distribution 
between N and O is given just as little by the formula 


CH, 
H,Gen 2os 
CH, 
as is that in iodine chloride given by the formula 
wee y 
Here too we may do something else, and write 37 
(H,C),N:0 : 


but we must beware of assigning to these + - and —-charges any definite 
numerical values (Cf. also Vol. II, Book III, Chapter XII). 

While a double bond between nitrogen and oxygen is impossible in the 
amine oxides, since, as can be shown on theoretical grounds, an element of 
the first period, here nitrogen, cannot be surrounded by more than 8 
electrons (See Tis Text, p. 26), and for this reason the formula must be 
written with a semipolar bond, the possibility of a double bond is not 
equally strongly excluded in the case of the sulfoxides, the sulfones, or of the 
phosphine oxides corresponding to the amine oxides. For there are com- 
pounds in which the sulfur does use its six valence electrons to form simple 
bonds, and is hence surrounded by 12 electrons rather than by an octet, as 
in SF,, and S,F,), = F;S—-S—F;. The phosphorus atom can likewise have 
5 simple bonds to form a surrounding group of Io electrons, as in PF;, PCl,, 
and in pentaphenyl phosphorus, (C,H;),P 8. The existence of the latter 
compound indeed precludes the concept of a heteropolar constitution. But 


37 For another mode of representation compare also below in the section on Sym- 
bolism, p. 41. 

88 Gro. Wittic and M. RIEBER, Amn., 562 (1949) 187. Preparation from tetraphenyl- 
phosphonium iodide and phenyl lithium: [(C,H;),P|I + IiC,H, = Lil + (C.H,)k. 
m.pt. 124°, not salt-like. 


38 THEORETICAL FOUNDATIONS OF THE SYSTEM I 


the failure to undergo addition reactions exhibited by the bonds between 
hexavalent sulfur and oxygen, as well as between pentavalent phosphorus 
and oxygen,—furthermore the interatomic distances, and still other reasons,— 
constitute evidence against the presence of a typical double bond, and 
make these bonds appear to be analogous to the semipolar bond > N— O 
in the amine oxides. 

Semipolar bonds may be formed with elements other than oxygen as the 
negative partner. Thus they occur also in the substances of the type 


R,N—CH,, and designated by Gro. WitTIG as ylide compounds **. Here 
the negative partner is a carbon-containing radical or atom. They are formed 
by the action of phenyl lithium on quarternary ammonium salts of suitable 
structure, as for example the yellow trimethylammonium fluorenylide from 
trimethyl] fluorenyl ammonium bromide: 


Re: : ie 
a 7CHs Bae oe > 
S<C=N—CH Bre (eles “i ; 
SPN eet RO Sie Ei eee ee 
oe ral cod a 
Aine ee: 


Trimethylammonium 
fluorenylide 


en 
hae eta aes 1 
gk SC He eet 
Masa 

While these compounds do undergo reaction at the semipolar C— N-bond, 
they add only such substances as can add to form a heteropolar salt, such 
as methyl iodide or benzyl bromide. The most simply built compounds of 
this type, as for example (CH3),N=CHg, have of course not been prepared 
in the pure state; it is necessary to deduce their temporary formation and 
temporary existence by means of the kind of addition-reactions exhibited 
by a reaction-mixture such as [(CH;),N] Br + C,H;Li with halides or with 
benzophenone *°, 

When nitrogen is replaced by phosphorus as the coordinating atom in the 


Bre 


rd from the yl for radicals united by homopolar bonding to other radicals or atom- 
chains; ide as termination for substances of polar structure. For a review on the 
ylides and the ylide-reactions see Gro. WitTIG, Z. angew. Chem., 63 (1951) 15. 

*° Two molecules of benzophenone add on to form 


pene — C(OH)(C.Hs) 
H,C~ CH, — C{OH)(C.H5)2 
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molecule, however, such simplest compounds can be prepared quite readily, 
as for example: 


(CHD ),PCH er 4 1ic,H, = (cH). p—CH, 4 Cp Lins 


It is of course true that in principle we could in this case also write a 
double bond in place of the semipolar bond: 


(CH;),P =CHg, in place of (CH,),P —> CH, 


A conclusive answer cannot be given on the basis of the formal electron 
theory of valence alone. The addition-reactions take place as in the case of 
the nitrogen compounds. 

No special significance must be attached to the differences in the bondings 
of the two oxygen atoms of the nitro group as expressed by the electron 
formula. For this formula tells us nothing about the stability of the bonding 
states for the individual oxygen atoms. It seems therefore very easily 
possible, if not even probable, that, as a result of rapid changes in electron- 
distribution, at one moment the one oxygen atom, at another moment the 
other oxygen atom, is the one that is bound by a semipolar bond. On the 
basis alone of this pictorial-schematic form of the electron theory of valence, 
it is not possible to go deeper into an understanding of the bonding state 
between oxygen and nitrogen atoms in the nitro group. For this purpose 
it is necessary to use the most modern tools of theoretical physics, as 
available in the New Quantum Theory. We shall return to this subject 
further on (Vol. II, Chapter XVII). 

In the sulfoxides and sulfones it is likewise necessary to write a semipolar 
bond: 


R 

Hen) REE Sus? 
sulfoxide a OF: or “7 Ss 
R . R 


with an electron sextet about the sulfur atoms rather than the usual octet, 
and 


Peo! 
'S’ ° with an octet, for the sulfone. 
Rr’ “0! 


These new formulas, as written with electron dots, constitute an advance, 
for they are seen to possess the following advantages over the old formulas 
of Couper. By dividing up the old valence-dashes each into two independent 
dots to represent the electrons, the formulas have become more labile, for 
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the dots no longer cling to a definite atom symbol, as did the old valence 
dashes, but are free to move from one atom to another. This enables us to 
write both the unitary and the electrochemical-dualistic formulas by use 
of the same symbolic means. The achievement of the electron theory of 
valence is then first of all that, by its help, it is possible to bridge over the 
old contradiction of BERZELIUS-KEKULE, of the electrochemical-dualistic, 
and of the unitary, theory of chemical substances *1. 

Furthermore, as compared to the old formulas, the electron formulas 
enable one to recognize the latent valences in the residual lone electron 
pairs. Finally, the octet theory, always to be regarded as a rule and not 
as a law, summarizes a large amount of experimental and experiential data 
together in a very simple form, and points out possible differences in the 
bonding states, such as could not be read out of the old method of represen- 
tation. Further possibilities of development, beyond the framework of the 
valence-dash formulas, are given by compounds with several double bonds, 
as will be discussed further in Chapters VIII and IX as well as in Vol. II, 
Chapter XVII. 

The great lability of the formulation by means of electrons easily tempts 
one to a formal development that goes beyond the true possibilities of the 
electron formulas. For this reason one must probably be still more careful 
in the use of electron formulas than it was necessary to be in the develop- 
ment of the valence-dash formulas where ene was also subject to such 
dangers **. For with the idea of the electron we associate more readily 
comprehensible physical concepts than we did with that of the simple 
valence dash, and are therefore led to believe that we also know and under- 
stand more. This is, however, not the case for the system of notation 
introduced by Lewis and LANGmuir; the field of applicability of the elec- 
tron formulas goes beyond that of the Couper formulas in only a few 
specific cases. Therefore, for reasons of simplicity, we shall continue to use 
the latter formulas wherever the superiority of the electron formulation 
is not superior due just to its use of the electron dots. To go farther than 


** In view of the simplifying viewpoint now achieved, it seems inappropriate any 
longer to distinguish between two types of valence, electrovalence and covalence, as 
was done by N. V. Sipewick (The Electronic Theory of Valency, 1927) and others. An 
electron was there designated as covalent when it participated in a unitary bond; as 
electrovalent when it participated in a heteropolar bond, that is, when it was given 
off by one atom to another atom. Now, however, we see that both of these two cases 
are only limiting cases, between which all possible transitions are possible. One must 
then distinguish between various mutually transitional types of bonding, but not 
between a priori different types of valence. It seems particularly dubious to consider 
the semipolar bond as formally composed of a combined covalence and an electro- 
valence bond (Cf. also Vol. II, Book III, Chapter XII). 

* Cf. the criticism of H. Koxse, J. prakt. Chem. (2), 10 (1874) 450; 16 (1877) 471. 
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this, to go beyond to concepts that can no longer be represented exhaustively 
by simple symbols, it is necessary to resort to quantum mechanics. This 
subject can be discussed only further on (Vol. II, Chapter XVII). 


(vt) SYMBOLISM 


The Lrwis-LANGMUIR method of representation, which reproduces all 
valence electrons individually, frequently becomes clumsy and difficult 
to survey. Efforts have therefore been made to simplify this symbolism; 
no unanimity has as yet been reached as to the manner and the means 
by which this is to be achieved. In every case the hyphen (or dash) is 
retained as the symbol for two electrons *°. If the bonding electron pair 
consists of two electrons, the hyphen as before represents the bond between 
two atoms. A lone electron pair on an atom can be represented by a horizon- 


tal dash above or below the symbol of the atom **, thus H—O—H, in 
place of H—O—H,; this seems to be more useful than the use of dashes 


pointing away from the atom; and which may easily be confused with 


| 
incomplete valence bonds, such as H—O—H *. The semipolar bond will 


be represented by the symbol of an arrow dash (—>) between two atoms, 
with the arrow pointing in the direction of the atom which, as a result of the 
bonding, has received an excess of negative charge above its nuclear charge ; 
as for example: 


5, R O Cl R 

1 a ee 
>s— 0 Sree rs} Wins eg. RON O 
R, R,~ oO Gia R~ 


With this notation one does of course give up the possibility of reading 
off from the formulas the valences of the atoms held by semipolar bonds, 
a thing that is however also not possible in the LEwis-LANGMUIR electron 
formulation. On the other hand, the otherwise physically unsatisfactory 
classical symbols, R,S=O, asia Cl,P=O, and. R,N=O, do.show, by 
simply counting off the dashes extending from one atom, that in the 
examples given, in sulfur 4 and 6 resply., in phosphorus and nitrogen 5 
valences each, i.e., valence electrons, are occupied, i.e. the same numbers 


43 R. Ropinson, Sammlung chem. u. chem.-technol. Vortrdge (Collection of Chem. 
and Chem-technol. Lectures ) (N. F.) No. 14, 9, 1932, Stuttgart; Enke. 

44 B. Eistert, Ber., 71 (1938) 237; Cf. also P. BAUMGARTEN, Ber., 70 (1937) 2500. 

45 As seen from a physical standpoint as well, this notation proposed by R. Ropin- 
son does not seem to possess any advantages since it leads one astray as to the function 


son 


of the electrons; Cf. E. Htcker, Z. Elektrochem., 43 (1937) 757: 
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as in SF,, SF, and PCI;. In the case of nitrogen, however, we know of no 
case in which 5 valences are used with respect to univalent elements, for 
the octet rule that holds as a law in the first period of the elements does 
not permit more than 8 electrons to assemble about a single nitrogen atom. 
Nevertheless, because of the analogy of the amine oxides to the phosphine 
oxides, one is justified in speaking of pentavalent nitrogen *° in these com- 
pounds, just as one may speak of pentavalent nitrogen in nitric acid and in 
the nitro-compounds, with the condition, however, that in so doing one 
interprets the valence concept in its original—stoichiometric—sense (Cf. 
also p. 13). The relationships between the halogen and the oxygen compounds 
of an element with respect to its like or different valence toward halogen 
and oxygen, and thereby also the degrees of oxidation existing in the corres- 
ponding compounds, are brought out directly by the classical valence 
dash formulas. These relations can however be found only indirectly from 
the modern notations for the semipolar bond, although in a physical sense 
these latter notations are more nearly correct. 

The classical notation for the semipolar bond does, however, suffer from 
the extraordinary handicap that, as mentioned above, the symbol it uses 
for the double bond implies some kind of analogies to the carbon-carbon 
double bond, analogies which in reality do not at all exist. 

Which notation one will use in a given case will depend on what one 
wishes to express by the use of the given formula. If one uses the classical 
formula, one can count off essentially only the valences; and in so doing 
one must keep clearly in mind that in the case of the semipolar bond these 
valences can not be translated directly into the language of the electron 
theory by simply setting one bonding dash equal to two electrons. If one 
uses modern symbolism, the formulas offer a key to the distribution of the 
electrons, but do not give a direct answer to the question as to what quanti- 
ties of the respective elements are equivalent one to another. While formerly 
the standpoint of the equivalence of the elements was the determining, 
because the only recognizable, factor (Cf. p. 13), it is today more important, 
after having recognized the nature of the chemical bonds involved, to write 
the formulas so that they give as faithful as possible a reproduction, not 
only of the relative positions of the atoms, but also of the distributions of 
the electrons. Out of these considerations follow the fields of application 
respectively of classical and modern chemical symbolism. But not only the 
classical, but modern symbolism as well, while in itself more adaptable, 
has limits beyond which its serviceability does not go (Cf. in particular 
Vol. II, Chapter XVII) 


P ; d ' ; . 
° As to the nitrogen in ammonium chloride, which must not be designated as 
pentavalent, cf. also This Volume, Chapter III. 
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Just as symbolism has its limitations in practice, so also the definitional 
concepts related thereto have their own limited field of applicability. The 
classical stoichiometrical concept of valency can not always be given clear 
expression in those formulas which show the distribution of electrons in 
the molecule; yes, in some cases indeed, such as that of hypophosphorous 
acid, H;PO,, H;** P+! O, 4, in which the phosphorus is stoichiometrically 
electrically wnivalent, the old concept can not even be brought into any 
rational relationship with a structural formula such as 


HPC pt see Pte 
OO 


I 


For this reason it has been suggested that the classical stoichiometric 
concept of valency be modified so that by valence we are to understand 
only the state of electrical charging of an atom, i.e. the number of electrons 
which an atom has taken on or given up, as the case may be, in order to 
attain its particular ionic or pseudo-ionic state. (Compare EISTERT, Tauto- 
merism and Mesomerism, p. 21.) According to this view, then, the concept 
of valence is at the beginning valid only for heteropolar compounds; it can 
however also be carried over in its applications to strongly polar compounds, 
which may be thought of as ionized or pseudo-ionized in accord with their 
polarity (ARNDT). Then we cannot, however, without falling into contra- 
dictions, or into a merely meaningless formalism, also apply the concept 
everywhere to all cases, or draw the last consequences from it, as for example 
in the cases of C,Cl, and H,PO,. In place of the old concept of valence, we 
should introduce into the field of organic chemistry the concept of bonding 
or bondability. Under bondability we are to understand the number of electron 
pairs which one atom has in common with one other adjacent atom. This 
bondability or electron pair valence can be read off immediately from the 
structural formulas written using the electron notation. It is not constant; 


thus oxygen exhibits the bonding power of two in water, /O : ees in the 
RR 3 ; , 

amine oxides, R : N : O. In other cases again, as for the nitro group, we can- 
R . 


not at once decide how many electron pairs participate on a particular 
atom (Compare Vol. II, Book III, Chapter XVII). Here too, then, certain 
residual cases, in which the definition of the concept of bonding ability or 
valence is not satisfied, remain. Just as for the concept of valence then, 
we may here too define this concept of bondability either in the classicai 
sense, or in some other, more modern, sense. 
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(vit) ONIUM COMPOUNDS 
(AMMONIUM, OXONIUM, ETC.) 

A considerable advance in our understanding of the modes of formation 
of the so-called oniwm compounds 47, and of their constitution, is achieved 
by a consideration of all the valence-electrons in the electron theory of 
valence and in the mode of notation advanced by Lewis and LANGMUIR. 
These substances had presented great theoretical difficulties to the older 
generation of chemists. The best-known examples are the ammonium salts. 
Depending on whether one was willing or unwilling to depart from the doctrine 
of constant valence, ammonium chloride, for example, was conceived of 
as a molecular compound NH,:HCl that readily fell apart into its molecules 
in the vapor state, or as a substance in which the valence of the nitrogen 
changed from three to five when it was formed from ammonia and hydrogen- 


ide 
i sae HON + HCl —~ say salir (BLOMSTRAND formula) 
Later on, on the basis of the existence of the tetra-alkyl-ammonium salts, 
such as (CH;),NI, the molecular compound formula was recognized as un- 
satisfactory. At the same time the formula with the “‘pentavalent nitrogen’”’ 
was unsatisfactory because the definition of the concept of valence, 


Atomic (or molecular) weight 
Equivalent weight 





Valence = 


could not be applied here. There is simply no reaction in which the nitrogen 
atom of ammonium chloride is equivalent to 5 hydrogen atoms or to 24 
oxygen atoms, such as is the case for nitric acid. Furthermore, formulas 
such as NH,Cl or N(CH3),I do not yield molecules that can be evaporated 
or dissolved unchanged: Evaporation results in thermal dissociation, 
—solution in ionization 48, 


* The designation onium compounds goes back to C. HARTMANN and VY. MEYER, 
Ber., 27 (1894) 505, footnote 2. 

48 For an opposite view, expressed as late as 1936, according to which molecules 
corresponding to the pentavalent nitrogen formula are presumably present in solution, 
see R. SAMUEL, Nature, 137 (1936) 72; SH. NawazisH ALI and R. SAMUEL, Proc. 
Indian Acad. Sci. (A), 3 (1936) 399. This argument has been refuted by the light- 
absorption measurements of G. Korttim, Ber., 71 (1938) 695. The isomerisms found 
by A. Hantzscu (Ber., 52 (1919) 1544) in the case of the pyroxonium and pyridonium, 
as well as in the phosphonium and arsonium iodides, and which he at first explained 
in terms of an isomerism of a salt of ionic structure with a pseudo-salt with tetra- 


valent oxygen or pentavalent N, P, or As, he himself recognized later on as cases of 
ordinary structural isomerism: 








a —— oN 

: > N—CH, € N—CH, jx 
{ ; == a ‘a 

Yellow, pseudo-salt Colorless, true salt 


A. Hanrzscu and A. Buraway, Ber., 65 (1932) 1056. 
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For ALFRED WERNER the fact of ionization in solution, together with his 
concepts on the structure of the complex ammonium compounds, the 
ammines, became a starting point for a new type of formulation of the 
ammonium salts: He wrote the ammonium ion [NH,]: as a complex, and 
contrasted it, and set it opposite, to the anion Cl ’, to form the salt (NER, 
to correspond to [CH,;NH3|Cl, [N(CHs),]I, etc. Today, when we are informed 
as to the structure of the solid salts out of ions, and as to the ionic lattices 
of the salts, we can extend this mode of notation directly to the crystallized 
onium compounds. For numerous other complex compounds also, the ionic 
notation with complexes, which consist of a central atom surrounded by a 
number of ligand groups corresponding to the coordination number, con- 
stitutes the correct solution to the problem. 

In the formation of all such compounds of higher order from those of 
the first order, such as NH,CI from NH; + HCl, or K,PtCl, from 2KCl + 
PtCl,, WERNER made no assumptions as to a change of valence of the 
central atom: The valence of the elements does not change when a compound 
of higher order is formed from two compounds of the first order #9, 

It is of course true that WERNER did not succeed completely in adjusting 
his ideas and facts to the concept of valence. He found it necessary to intro- 
duce the concept of auxiliary valence in order to do justice to the actual 
stoichiometric compositions of his complexes. Thus he was forced to assume 
the participation of one auxiliary valence for nitrogen in the formation of 
the ammonium ion, and of two auxiliary valences for platinum in the 
formation of the PtCl,” complex ion. As soon however as the complex was 
formed, these auxiliary valences became indistinguishable from the principal 
valences, i.e. all four hydrogens in ammonium are bound to nitrogen in 
exactly the same way, and similarly in PtCl,” all six chlorines are bound alike 
to the platinum. The ammonium ion, NH, , in particular, is therefore directly 
comparable to methane, CH,, in its bonding relationships. 

The becoming equivalent, at the moment of formation of a complex, of 
two originally different types of valence, is a theoretically rather unsatis- 
factory postulate. It finds an easy and satisfactory explanation however in 
the electron theory of valence. Limiting ourselves for the time being to the 
onium compounds under consideration and of interest here, it signifies the 
participation of one of the unshared electron pairs in the compound of first 
order in the formation of a normal homopolar electron-pair bond: 

H~ H Ho. gf AB 1H HY Hi 


N SOE N or N + H,C—I = N ; 
i ae H/F igk a LE ie po Oa en A 


No change in the valence of the central atom holding together the onium 


49 WERNER adopted this terminology from BERZELIUS. 
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compound is involved, since it contributes both electrons for the purpose 
of bonding one proton, or, in the case of the tetra-alkyl-ammonium com- 
pounds, one alkyl cation, which itself contributes no electron of its own, while 
in ammonia, for example, the nitrogen as well as the hydrogen each con- 
tribute one electron apiece for the formation of each of the three N—H- 
bonds. In the formation of the ammonium ion the ammonia molecule does 
not bond anew on to an uncharged atom, but rather to a posztively charged 
proton. Herein lies also an essential difference between the formation of the 
amine oxides (This Text, p. 36) in which the nitrogen also furnishes its 
unshared electron pair, but as against an uncharged oxygen atom, so that 
here we may speak of increasing the valence from 3 to 5, l.e. we may speak 
of an oxidation, which is not the case in the simple union of ammonia and 
hydrogen chloride. 

The onium compounds were formerly often considered as being molecular 
compounds, though strictly speaking they do not belong to this class. Never- 
theless, it is still difficult to draw any sharp boundary for those cases in 
which the central atom is not nitrogen or oxygen, or, more generally, a non- 
metal of the fifth or sixth group of the Periodic System. Furthermore, these 
substances lead over toward the metal complexes. Even in the case of 
oxygen we find boundary cases in which it is not proper to speak of onium 
compounds with ionic structure. 

The ammonium compounds are so generally known that their more de- 
tailed discussion is not necessary. The salts of the organic amines can be 
derived very readily from the ammonium salts by simply thinking of the 
hydrogen atoms as replaced successively by organic radicals. On the other 
hand it does seem proper to go much further into a discussion of the oxo- 
nium compounds derived from oxygen. These were also discovered much 
more recently. They will be discussed in detail in Chapter III. 


CHAPTER II 


STEREOCHEMISTRY. CHEMICAL SPACE-GEOMETRY 


(1) GENERAL PRINCIPLES OF STEREOCHEMISTRY 1 


The theory of atomic linking enables us to foresee, for all substances of 
the same empirical formula, isomers, the isomerism of which is based on 
the different structures of the atomic lattice or framework, as in the sunplest 
cases of butane and isobutane. Not all cases of isomerism can, however, be 
explained in terms of structural isomerism alone. ‘The number of isomers 
is greater than what one might really desire’ wrote BUTLEROW about 1870. 
Substances of identical composition, and of identical molecular weight, 
are known, in which, by chemical methods, the very same reactive groups 
can be detected, and for which both degradation and synthesis indicate 
the same structure. Many of these substances differ from one another in 
respect of only a single physical property, i.e. by the ability, whether in the 
gaseous, liquid, or dissolved state, i.e. in a state of molecular dispersion, 
to turn or rotate the plane of polarized light, wherein, furthermore, the one 
substance rotates the plane to the right by exactly the same amount as 
the other substance rotates it to the left. Frequently such optical antipodes 
occur in the crystalline state in the form of enantiomorphic crystals 2. 
Besides these optical antipodes, there is still a third substance, which is 
obtained by bringing together the antipodes in molecular proportions; 
indeed in synthetic experiments it is always this substance which is obtained. 
This latter substance does not rotate the plane of polarized light, and fre- 
quently exhibits a different crystalline form, a different solubility, a different 
melting point, than do the optically active isomers. By means of various 
methods, to be discussed further on, it can be resolved into equal amounts 
of the two optical antipodes. As an example we may refer to the three 


1G. Wittic, Stereochemie, Leipzig 1930; St. Gotpscumipt, Hand- und Jahrbuch 
dey chemischen Physik, IV, Leipzig, 1933; K. FREUDENBERG, Handbuch der Stereo- 
chemie, Leipzig und Wien, 1933. 

2 This enantiomorphism in the crystalline state is not however observed in all 
cases of optical antipodes; see P. WALDEN, Bev., 29 (1896) 1692; F. M. JAEGER, 
Bull. Soc. Chim. France (4), 33 (1923) 870. 
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lactic acids, to each of which must be assigned the structure of an «-hydroxy- 
propionic acid 3: 
Right or dextro-rotating = d-lactic acid = meat or sarco-lactic 


H acid, melting point 26°C. ; 
| Left or /aevo-rotating = /-lactic acid = fermentation lactic acid‘), 


CH,—C—COOH melting point 26° C. 
| Inactive = (d + /)-lactic acid, synthetic as well as fermentation 


OH lactic acid‘), melting point 18°C. 


The system of structural chemistry has however provided only one place 
for «-hydroxypropionic acid. In the case of other substances we have still 
more structurally identical isomers. Thus for example, in the case of dihy- 
droxysuccinic acid, HOOC—CHOH—CHOH—COOK we have the dextro- 
and the laevo-forms, also known as the dextro- and the /aevo-tartaric (or wine) 
acids, by the union of which an inactive tartaric acid, also known as racemic 
acid, is formed. It is from this example that the terms racemic and racemate 
are derived for compounds such as are formed by the union of two optical 
antipodes. Besides these three dihydroxysuccinic acids there is however 
still a fourth, also inactive, modification, known as meso-tartaric acid. As 
the table below shows, the acids themselves, as well as their derivatives, 
exhibit differences in their physical properties, whence such substances 
have come to be known as “physical isomers’’ (‘‘physically isomeric”’). 











SABLE 
DIHYDROXYSUCCINIC ACIDS 
o. Solubility Melting 
; Solubility , . 
Substance Melting in water, of the point of the 
point 7 eh pete acid dimethyl 
P K-salt ester 
Dextro(d-)-tartaric acid LOS 0.76 slight |} 61:5"; 3a 
Laevo(l-)-tartaric acid 170° 0.76 slight |. dimorphic 
Inactive or vacemic (grape) °. o. 
(d + J-)-tartaric acid 204° 5.85 slight { 90°; 84°; 
dimorphic 


Meso(1-)-tartaric acid 140° 0.8 considerable Lil 





Unlike the racemic-tartaric acid, the meso-tartaric acid can not be resolved 
into its optical antipodes. It is hence not a racemic form or mixture, but 
rather a chemical individual, for which a formula (structural or configu- 
rational) different from that for tartaric acid must be found. 


BAT WISLICENUS, Ann., 166 (1873) 3. Further on, This Text, p. 64, the necessity of 
interpreting the phenomena of isomerism of the lactic acids in terms of spatial 
configurations is emphasized. 


* Only the action of certain types of bacterial micro-organisms produces the /-lactic 


. . . . . . ° 
acid in fermentation; the usual lactic acid bacteria produce an inactive fermentation 
lactic acid. 
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To introduce special formulas for the optically inactive racemic forms, 
such as represented by racemic tartaric acid and synthetic lactic acid, 
seems superfluous, since these substances are found to consist of equal 
parts of the d- and the /-forms, whereby the equal but oppositely directed 
rotations are cancelled. The nature of the union of this racemic inactive 
compound may vary with that of the substance. In solution and in the 
melt, as well as in the gaseous state, the d- and /-forms usually exist side 
by side as independent molecules, as shown by determinations of the mole- 
cular weights. In the crystal on the other hand, the d- and the /-forms may 
participate equally in the building up of a single lattice, thereby producing 
a true racemate, a vacemic compound, as in the case of racemic tartaric 
acid. Or the two forms may crystallize side by side, each in its own lattice; 
then we have a vacemic mixture, an example of which is the crystallized 
form of the sodium-ammonium salt of tartaric acid. Finally also, the active 
and the inactive forms may form mixed crystals with one-another. The 
relationships are best made clear by the various possible forms of the compo- 
sition-melting point—diagrams shown in Figs. I to 4. 


hey 
d l 


~ 
ES 


~ 


Fig. 1. Racemic compound: Fig. 2. Racemic compound: 
melts higher than the active melts /owey than the active 
components. components. 


| | | 
d l d U 
Fig. 3. Racemic mixture: Fig. 4. Continuous series of 
melts lower than any other mixed crystals between the 
mixture. d- and the /-forms. 


The constitutive peculiarities of the optically active compounds cannot as 
yet be determined from the few examples here given. From the more exten- 
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sive material available, however, it has been found that the peculiar character- 
istic of the optically active compounds is usually the presence in the molecule 
of a carbon atom joined to four different substituents. The few exceptions 
to this rule will be discussed further on pp. 68, 70 and 81. Since this atom 
is the cause of the asymmetry in the optical behavior of the molecules, and 
frequently also in the crystal lattices which these form, it is known as the 
asymmetric carbon atom. 

Of the numerous experiments that have been made to prove that the 
asymmetric carbon atom is the cause of optical activity, we shall mention 
only a few transformations of active amyl alcohol. These illustrate the prin- 
ciple involved in all such experiments. 


Active amyl alcohol bears on the carbon atom CH; _CH,OH 
‘ Né- 

marked with the asterisk, C, the four different Poa X 

substituents H, CH;, C,H;, and CH,OH. If we C,H; H 


submit any one of these substituents, let us say 

the CH,OH-group, to any reaction, such as for example, oxidation to carbox- 
yl, or esterification with acetic acid or hydrogen chloride, then the optical 
activity will be retained. If however we make two of these substituents 
equal, such as by replacement of the chlorine of amyl chloride by hy- 
drogen, then the optical activity disappears: 


CH, CH,Cl CH, Be 
BS a ce 
tines 
a Bes Pia ok 
CH, H C,H; H 
optically active optically inactive. 


The system of structural chemistry is therefore in need of some extension, 
or amplification, so as to allow for the prediction of isomers of compounds 
with asymmetric carbon atoms. This step is forced upon us only by the 
number of isomers, not by their chemical behavior. 

The direction in which this extension must take place is indicated just by 
the occurrence of chemically at first not differentiable compounds, that can 
be distinguished one from the other only by their property of being able 
to turn the plane of polarized light in opposite directions by exactly the 
Same amount, as well as, under some circumstances, by the form of 
their crystals, which are related to one another as an object and its mirror 
image. For such isomers as do exist, when the structural formula indicates, 
in the simplest case, one asymmetric carbon atom with four different 
substituents, one will choose, on the basis of their physical behavior, those 
space-structures which give expression to the relation of an object to its 
mirror/image. Plane formulas are not able to do this, for a formula such as 
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ang Le [e a 
ae . * . . . . “SS a 
Pt, is identical with its mirror image Sa Oe 
pe 

b d d b 


\ 


whence it is necessary to resort to space formulas. This necessity for com- 
bining space conceptions with the chemical formula was recognized simul- 
taneously in 1874 by both LE Bet and Van ’t Horr. 

The chemical formula which originally reproduced only those relation- 
ships between the atoms known as ‘‘chemical bonding’’, receives, in the 
newly necessary representation, a visualizable significance, since from now 
on the space-relations between the atoms, for the time being primarily as 
certain symmetry relationships, also find expression. If we indicate the 
physical differences of optical antipodes by the picture of different spatial 
positions of the atoms, we at the same time make the assumption that these 
positions must be fairly stable: The existence of two isomeric compounds 
of the type CR,R,R;R, proves that, if the explanation of the isomerism 
as space-isomerism is valid, the substituents can not arbitrarily exchange 
their positions on a carbon atom, but that they must retain these over 
periods of time that are large as compared to the time required for the 
preparation of a compound in the pure state. The structural formulas can 
therefore be developed into space molecular models, in which each atom 
finds its own position in space. For the time being of course, we know 
nothing further about these models other than their total symmetry. For 
all molecules of the type CR,R,R,R, there must be two models which 
can be mutually converted one into the other only by mirror reflection; 
for all other molecules the models must be such that they are identical 
with their own mirror images, i.e. that the mirror images can be brought 
into complete spatial congruence with the original model by means of 
some suitable rotation-translation operation. 

The clearest proof for the relative mirror-image positions of the four 
substituents was brought by E. FIscHEr ®. Without disturbing the position- 
arrangement of the atoms united by a chemical bond to the asymmetrc, 
carbon atom, FISCHER converted, by simple exchange of two substituentis 
as effected by successive substitution reactions, one optically active com- 
pound over into its mirror image with exactly the same absolute value of 
the optical rotation. This was achieved by means of the reaction sequence: 

CONH 
et sic CONH, iy, onus 2 
i. ~cooH Ha, >COOcH, 


d-iso-Propylmalonic acid mono-amide 


5 E, FIscHEerR, Ber., 47 (1914) 3181. 
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eu COOH? |, «5 op t= (Goin ene paeme 
HNO SS Ske ee 9N—NHo WL 
= Sen > en: —_—_—> 
a Peder H CO.NH-NH, 
au COOH eARE COOH 
HNO CR TEAOATL S ao NH, : pene 
2 a c 
a i pe 
rae vas ae <5 ‘ 
H CO-N, H CONH, 


l-iso-Propylmalonic acid mono-amide 


A second proof of this kind was brought for the case of acetone-glycerol 
by H. O. L. Fiscuer, the son of E. FiscuHer, together with E. BArr ®: 


H,C—OH ae se anaes ae - vo 
C1—-C— 2 % 
tt on Be el et a4 cs a ican one Ten. ee 
C eR PTS aS Re 5 
HC—o- SCH in pyridine H,Gs02- CH, 
[x], 14.0° 
H,C—O—CO—C,H,NO, flgl Bie os 
lx. — x NaOH 
ies oes (Ca), CCl HC—OH ; 
H,C—OH H,C—OC(C,H;5), 
H,C—OH H,C—Oxs_, _CH, 
x (CHg)2CO le Cc 
HC—OH —_—_>  HC—O~ CH, > 
| + ZnCl, | 
H,C—OC(€,H;), H,C—O—C (C,H,)s 
H,C—O~ CH, 
Hg, Pd lye C ; 
ie mus pan HC—O~ “CH, lal, 22 
Im \Velts 


‘HjC—OH 


With the concept of a rigid and stable spatial arrangement of the atoms 
linked together by means of a chemical bond thus gained and strengthened, 
there arises for chemical research a series of problems with which the sub- 
science of stereochemistry is occupied 7. It is the task of stereochemistry to 
create and develop the theoretical foundations by means of which it is 
possible to predict the number of sets of stable positions of the atoms 
within a molecule of a given structural formula. In this respect it must 
supplement structural chemistry by making just as definite and correct 
predictions as to the number of the sfereo-isomeric compounds as the 
doctrine of the valence of the atoms is able to make as to the number of 


6 E. Barr and H. O. L. Fiscuer, J. Am. Chem. Soc., 67 (1945) 944. 


" The expression ‘‘stereochemistry’’ was first proposed by Victor MEYER, Ber., 
21 (1888) 789; 23 (1890) 568. 
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structural isomers. Stereochemistry has furthermore the task of reproducing 
in detail the true spatial structure of molecules by establishing which 
are really the stable positions of the individual atoms, and the degree of 
stability of these positions. On the basis of these principles of stereochemistry, 
which alone will be treated in this chapter, we can then develop the treat- 
ment of further-reaching stereochemical problems which have to do with 
the relationships between the spatial structure, the physical properties, and 
the chemical behavior, and which will later find their place in the chapters 
of Books III and IV. 

The extension which stereochemistry means for the system of the organic 
compounds, because of its ability to predict stereo-isomeric compounds, can 
be delimited by two requirements derived from experience. Since to a single 
structural formula there usually corresponds only one substance, or in the 
presence of an asymmetric carbon atom, two mirror-image or enantio- 
morphic forms, it must be assumed that in a given molecule only one spatial 
arrangement of the atoms is stable. From the fact that compounds with 
two or more like substituents on each of all of the carbon atoms fail to 
show mirror-image isomerism, it follows as the second consequence that 
all such molecules must contain some sort of a plane of symmetry, and that 
hence the like substituents must occupy geometrically equivalent positions. 
These two postulates are at first co-existent, but independent of one another. 
Their combination, however, means that, independently of the nature of 
the substituents, of the infinitely many positions within the molecule which 
might fulfill the symmetry conditions, only one in any case is stable as a 
position of equilibrium of the atoms. In this general form, held free of all 
special assumptions, the principles of stereochemistry enable us to carry 
through a completely valid derivation of the number of isomers. It is 
however rather difficult to visualize this derivation, since in the space- 
formulas obtained by its help we can express only the symmetry of the 
molecule as a whole, but can make absolutely no statements about the posi- 
tions of the atoms individually. This is however the only experimentally 
sufficiently verified form, so long as we restrict ourselves to our experience 
on the number of isomers. For the same reason the more cautious of the 
two founders of stereochemistry, LE BEL 8, goes no further than this; he 
is satisfied to deal with the symmetry of the molecule as a whole as that 
which is essential to him, and as the molecular property which can definitely 
and properly be investigated. LE BEL does of course feel that the fundamen- 
tal postulates permit of only a derivation, but not of an explanation, of the 
number of isomers, and therefore makes the further attempt, by means of 
hypothetical concepts on the space-filling nature of the substituents, to 


8 J. A. Le Bet, Bull. Soc. Chim. France [2], 22 (1874) 337; [3], 3 (1890) 788. 
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attain to some such understanding, as well as to more specialized concepts 
of the spatial arrangements, among which the tetrahedral grouping about a 
carbon atom also appears, but he does not express himself in any very 
explicit form. va areata 

Which possibilities remain open for the positions of the individual atoms 
in the case of the general form of the principles of stereochemistry as 
expressed by LE BEL may be discussed on the basis of a few of the simplest 
examples. In methane and in carbon tetrachloride the four like atoms must 
occupy geometrically equivalent positions ®; the molecules must therefore 
be constructed either as regular tetraheda (I), or as equilateral pyramids 
(II), or finally also as planar structures (III). By itself it is possible that, 
in carbon tetrachloride for example, the chlorine atoms sit on the corners 
of a regular tetrahedron (I), while in methane the carbon atom is located 
at the vertex of an equilateral pyramid (II). Compounds of the type CH,Cl, 
are constructed so that the chlorine atoms lie symmetrically placed to a 
plane passing through the atoms HCH;; in this case tetrahedral (IV) as well 
as pyramidal (V) forms are conceivable. For molecules with one asymmetric 
carbon atom, CR,R,R,R,, every spatial arrangement whatever satisfies 
the requirement that it must not be possible to bring into congruence the 
object and its mirror image, hence of course any arrangement in the irre- 
gular (VI) as well as in the regular tetrahedron (VII). 

As one sees, LE BEL starts out in his considerations from the molecule 
as a whole. This course of thought on his part is explained by the fact that 
LE BEL based his reasoning on the observations of PASTEUR on the enan- 
tiomorphic crystal forms of optical antipodes, in which he believed he saw 
a picture or print (replica) of molecular symmetry. In the form as given 
by Le BEL stereochemistry makes no experimentally verifiable predictions 
as to the real positions of the atoms in the molecules. 

The more daring VAN ’t Horr, the other founder of stereochemistry, 
goes further than did Le Bet, and thus steps over beyond the narrowly 
staked limits of experience. Setting out from the individual atom, VAN ’T 
HorFF uses his concept to build up to the molecule. For him this is the natur- 
ally given way, for he is influenced basically by the KEKULE doctrine of 
chemical structure which joins atom on to atom. His creative original idea is 
the concept of the atomic model, and especially of the tetrahedral model for the 
carbon atom, which can not be derived logically on the basis of the experi- 


® From the absence of mirror-image isomerism one can really only draw conclusions 
as to the geometrical equivalence of two pairs of two hydrogen atoms each; one would 
therefore really have still to admit as possible models in which not all four hydrogens 
are equivalent but in which we have two pairs of equivalent hydrogens, as represented 


by the drawings IV and V in Figs. 5—11, Figs. 8 and 9 (with H in place of Cl, and 
conversely), 
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mental facts or experience on the number of isomers. The atomic model 
““explains”’ the facts, as to why in any case only one position of neighboring 
atoms is stable, by stating that the symmetry of the atoms permits only this 
one position. In this way then, the two postulates, which stand independent- 





Fig. 9 Fig. 10 


c 
Fig. 11 


ly side by side in the general form of the theory as developed by LE BEL, are 
both laid down already by the single concept of the atomic model. One must 
not, however, forget that this ‘‘explanation’”’ does not yet solve the difficulty 
of understanding the number of isomers, but merely formulates it in a 
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different way than was formerly the case: Now we have instead as the 
unproved postulate the concept of the atomic model! Its correctness can 
not be proved by the number of isomers alone, for this number can be 
derived otherwise from far more general conceptions and assumptions. It 
is therefore necessary to show by special methods, which have nothing 
whatever to do with the number of isomers, whether or not this postulate 
is correct. 

As his model for the carbon atom VAN ’T Horr chose the regular tetrahe- 
dron; in accordance therewith the positions of stable equilibrium for the 
atoms or groups united to a carbon atom are the vertices of a regular tetrahe- 
dron. While it is true that even before VAN ’T HorF the tetrahedral model 
was used by KEKULE to visualize organic chemical structures, VAN 'T HOFF 
was nevertheless the first one who regarded these models as the actual models 
of atoms, which could then be used to determine the vigzdly fixed positions 
of atoms joined one to another, and thus to explain the number of the 
isomers. 

The consequences which follow from the special VAN ’T Horr hypothesis 
of the tetrahedral carbon atom as to the number of the isomers are the 
same as those derived from the LE BEL generalized geometrical conception 
of stereochemistry, for these molecular models as built up out of the tetra- 
hedra possess all the symmetry properties demanded by LE BEL. Because 
of the greater convenience involved, the more easily visualizable VAN ’T 
Horr mode of representation has generally been preferred for the purpose 
of deriving the number of isomers. From the concept of the atomic model 
there follow however also far further-reaching consequences which invite 
experimental verification. 

In this respect the fundamental concept of an atomic model ascreated 
by Van ’T Horr, and which “‘classical’’ stereochemistry uses throughout, 
differs from the generalized idea of a particular molecular symmetry as 
developed by LE Ber. A development of the ideas of LE BEx is only possible 
when we succeed in finding also other properties besides the optical activity 
that will enable us to draw conclusions as to the symmetry of the molecule 
as a whole, or to determine experimentally the equilibrium positions of the 
atoms within the molecule. Purely geometrical stereochemistry gives us 
no information or clues as to the direction in which one should here seek 
for promising methods for finding the relationships between the equilibrium 
positions and the constitution of substances. Only our experience on the 
equilibrium positions in as many types of molecules as possible will enable 
us to draw conclusions as to the circumstances which in any given case 
must be made responsible for the positions of the individual atoms. The 
tetrahedral model of VAN ’r Horr, on the other hand, makes very definite 
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assertions as to the relationships between the spatial structure of the mole- 
cules and some of their physical and chemical properties. These assertions 
can be subjected to experimental test, and will be discussed in detail later on. 
To the extent to which such assertions can be subjected to verification 
by experiment we receive an answer to the question, whether, and to what 
extent, the arbitrarily chosen model of the regular tetrahedron is actually 
useful. 

Physically the concept of the atomic model means that the positions of 
the atoms chemically united to another atom are determined in the first 
place by symmetry conditions prescribed by the latter atom, and that a 
mutual influence of the substituent atoms can produce only secondary 
effects on the relative spatial arrangement of these substituents. 

VAN 'T Horr himself drew only a few isolated conclusions of the many 
which follow from this conception of the tetrahedral model of the atom, 
and restricted himself essentially to the task of calculating the number 
of isomers. Indeed Van ’T HorF himself did not know how to evaluate 
properly the difference between his hypothesis and that of LE BEL,—a differ- 
ence which LE BEL regards as fundamental. Since it is just this difference 
that carries the tetrahedral hypothesis further, though of course into experi- 
mentally somewhat less certain territory, VAN ’T Horr left the initiative 
for such development to other investigators, and especially to VON BAEYER. 
Furthermore, he, as well as his successors, and above all WISLICENUS, were 
by no means so clear in their own minds as to the limits of the applicability 
of the hypothesis as was the more cautious LE BEL. 

It is therefore necessary to differentiate strictly between the general 
consequences to be drawn from the tetrahedral carbon atom hypothesis 
as to the number of isomers, which can be derived in all cases just as well, 
though somewhat less simply,—LrE BEL himself?! says “obviously less 
simply” (“en apparence moins simple’’),—by purely geometrical concepts, 
and the special assertions as to the positions of the atoms in space which 
follow from the tetrahedral hypothesis. Since it is most convenient, we shall, 
in what follows, as is also otherwise customary, derive the number of the 
stereo-isomeric substances by means of the hypothesis of the regular tetra- 
hedron. The problem as to the extent to which the regular tetrahedral 
positions correspond to reality, and how rigidly the atoms are actually 
held in these positions, is irrelevant for this purpose, and will therefore 
be discussed only later on. 


10 J, A. Le Bet, Bull. Soc. Chim. France [3], 3 (1890) 789. 
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(72) DERIVATION OF THE NUMBER OF STEREO-ISOMERS BY USE OF THE CON- 
CEPT OF THE ASYMMETRIC CARBON ATOM 


From the fact that any compound with an asymmetric carbon atom occurs 
in two mirror-image or enantiomorphic forms, it is easy to calculate the 
number of isomers of molecules containing several asymmetric carbon (or 
other) atoms (or groups). For this we need not have an atom-model of the 
molecule; the model-representation will therefore be discussed only later on. 

It is most simple if in our discussion we proceed as in the synthesis of 
the organic compounds; we think of several substances each containing 
one asymmetric carbon atom, and bring them together one by one, to 
synthesize successively higher poly-asymmetric compounds. Later on we 
can apply these considerations also to such substances the asymmetric 
atoms of which can not be directly attached one after the other, for in our 
derivation it does not matter the least whether the particular synthesis 
as such is actually realizable or not, but only on the number of isomers 
which can theoretically be thought of as having been produced. 

As starting substances we shall use lactic acid and sec.-butyl alcohol: 


H H 

be Ix 
CH,—C—COOH HO—C—CH,, 

| 

OH CH,—CH, 


Each of these compounds contains one asymmetric carbon atom, C: 
whence each occurs in one d- and one /-form. If now the two Sanrio 
are esterified one with the other, we obtain the lactic acid ester of sec.- 
butyl alcohol, or sec.-butyl lactate, with the structural formula: 


H ©: H 


| 
OH CH,—CH, 


This formula contains two asymmetric carbon atoms. Since each com- 
ponent occurs in two forms, we can pang about 2 X 2 = 4 combinations: 


Enantiomorphic or Mirror images 
Ele 








| AO eed ANS 
L d-Lactic a acid + ? ao ds Rene! 2. l-Lactic acid + /-Butyl alcohol 
. | identical | mirror images identical : enantiomorphic 


3. d- Lactic acid + Butyl alcohol 4, I-Lactic acid + d-Butyl alcohol 
i tects — 


Lime 
Mirror images or Enantiomorphic 
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There are then 4 four (possible) optically active esters, or sec.-butyl- 
lactates. Those compounds in which both components are mirror images, 
i.e. I and 2, as well as 3 and 4, are optical antipodes. Each of these pairs may 
unite to form an inactive racemate. Each of these pairs does not, however, 
stand to the other in a relationship of mirror-image isomerism, since each 
contains relative to the other an identical alongside of an enantiomorphic 
component (I and 3, 2 and 4, or also x and 4, 2 and 3). These pairs can not 
be brought to cover one another (congruence) by any kind of symmetry 
operation, (rotation in or through a plane, etc.), and are known as dia- 
stereo-isomers. They must therefore also differ in other ways and properties 
than in the rotation of the plane of polarized light, and are therefore separ- 
able, at least in principle, by physical methods such as distillation 4, 
crystallization etc.; methods, that is, which are inapplicable in the case 
of optical antipodes except in the case when they form a racemic mixture 
the crystals of which can be separated like right- and left-hand gloves. 

In the case of several centers of asymmetry then, not only mirror-image 
isomers, or enantiomorphic forms, but also diastereomeric forms are to be 
expected. 

When inactive (d + /)-lactic acid is esterified with inactive (d + l)-sec. 
butyl alcohol, all four forms may be obtained, and in general the two 
diastereo-racemic. forms, (1 + 2) and (3+ 4), are formed in different 
amounts, since their velocities of formation need not be the same. The 
mirror-image enantiomorphic forms I and 2 are formed, however, always 
in equal amounts; the same is true of 3 and 4, for in all syntheses with 
inactive starting materials one form never appears preferred with respect 
to its mirror image. 

If now we go further, to a molecule with three asymmetric carbon atoms, 
as by esterifying the still free hydroxyl group of the lactic acid butyl ester 
with an acid containing an asymmetric carbon atom, such as methyl-ethyl- 
acetic acid (sec.-valerianic acid), 


11 M. E. Bairey and H. B. Hass, J. Am. Chem. Soc., 63 (1941) 1969; on the esters 
of butanol-2 with d-2-propionoxy-propionic acid, J/-lactic acid, etc. 

For the resolution of »-butanol-2 into optical antipodes see U. S. Patent 2,388,688 
Nov. 13, 1945; also H. B. Hass, Chem. Abstracts, 40 (1946) 1535. 
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we obtain a compound with the structural formu\a. 


H O H 
it e 
Cres C30.0 0S on 
| | 
| CH,—CH, 
O 
| 
C=O 
* 
CHiesGee GH GH- 
H 


Each of the four lactic acid butyl esters can be esterified once with the 
d-, and a second time with the /-valerianic acid. There are then 2 x 4 = 8 
different combinations, of which four groups of two each may combine in 
pairs to give four racemic forms, as shown by the following table in which 
the d, represents d-lactic acid, dg, d-butyl alcohol, and dg, d-valerianic 
acid, while 1,, l,, and J; represent the corresponding optical antipodes: 


Id d,d, kk 1) (dq, dg]; 9 1p ds] 
[Siples Gs. 5) Clintedal [Ey Gates orGgtla stad 


The compounds placed together in the brackets are optical antipodes. 

Each time then, that a further asymmetric carbon atom is introduced, 
the number of isomers is doubled; for a compound containing asymmetric 
atoms the number of isomers is 2". This prediction of the theory of the 
asymmetric carbon atom has been verified by experience, most beautifully 
in the case of the sugars, where, as a result of the investigations of EmMIL 
FISCHER, as well as of KILIANI, all sixteen 16 optically active forms in 
the series of the aldohexoses have become known. This is the number 
(24 = 16) to be expected from the formula, 


OH OH OH OH 
| | < 


containing four asymmetric carbon atoms. 

The derivation here given for the number of isomers holds for the most 
general case. If, however, a molecule with several asymmetric carbon atoms 
is symmetrical with respect to the centers of asymmetry, then the number 
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of isomers is smaller than that calculated by this general formula 12. The 
asymmetry centers are then alike, that is, they bear four substituents of 
the same kind. If now, as in tartaric acid, for example, the substance 
contains two like asymmetric carbon atoms, then the direction of rotation 
in which the substituents are arranged may be either the same, or the 
reverse. In the latter case the optical rotations produced by the two halves 
of the molecule are equal, but opposite in direction, and will neutralize 
or balance each other. In this case the molecule is said to be “internally 
compensated”, and the substance can not be resolved into optical antipodes. 
This is the case with meso-tartaric acid. Molecules composed of asymmetric 
atoms with the same sense of rotation do however occur in dextro- and 
in laevo-forms, as for example dextro- and laevo-tartaric acids. 

These relationships can also be clarified by means of a synthesis, or at 
least a process of synthetic reasoning. Let us again use lactic acid as our 
example. Two molecules of lactic acid can undergo double ester formation, 
and thereby unite to form a lactide containing two like asymmetric carbon 
atoms: 








H H 
bk 
Peet ett HO C=O File re woes 
1 * — le a 11,0. 
eCeeOl flO CaGH, O=C—O-C—cH, 
H H 


In this case two molecules of d-lactic acid yield the d-lactide (or d,d-), 
two molecules of /-lactic acid the /-lactide (or /, /-), while one molecule of 
d- and one of /-lactic acid yield a d,/-lactide. This d,/-lactide is a ‘‘racemic”’ 
lactide form, but it is different from the true racemic lactide formed from 
one molecule each of the d, d-lactide and one molecule of the /,/-lactide. 
In the former case the rotation has been neutralized within the individual 
molecules themselves, in the latter by the fact of the equal numbers of the 
two kinds of molecules. Quite the same relations of isomerism are found 
in the case of the dioxopiperazines formed from two molecules of amino 
acids, and here the phenomena have been studied more thoroughly. Thus 
two molecules of d-alanine (%-aminopropionic acid), or two molecules of 
J-alanine, can unite to form optically active compounds, one the antipode 
of the other, held together by acid amide, or peptide, type bonds. A molecule 
of d-alanine and a molecule of /-alanine, on the other hand, form an inactive, 
nonresolvable, compound molecule. The synthesis can be performed stepwise, 
as shown by the following system of formulas 1%: 


12 Calculations have been made for straight and branched chains, by G. E. K. 


Brancu and T. L. Hii, J. Org. Chem., 5 (1940) 86. 
13 —, FiscuEr, Ber., 39 (1906)454; E. FiscHer and K, RAskeE, Ber., 39 (1906) 3981. 
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lx 
H,C—C—NH, 
| 
O=C—OH 


I and II, each 
d- or I-, respectively 


/ SOCl, i C,H,OH 
H if 


E 











H,C—C—NH,-HCl H,C,O—C=O 
O=C—C]l pr giestcras 
H 
Molecule of Alanine I Molecule of Alanine II 
as the acid chloride as the ethyl ester 
hydrochloride 
rel 
Es 
H,C—C—NH,-HCl H,C,O—C=O 
O=C NH rae 
H 
Dipeptide ester, which yields the dipeptide on hydrolysis 
i hydrolysis 
* 
H,;C—C—NH, HO—C=O 
lx <——_—_I 
O=C —_——NH———————_C—-CH, 
\ 
H 
alcoholic Alanyl-alanine 
NH, 


AFI | ring-closure 


+ 
H,C—C—NH—C=O 
te | ES 
O=]C=NHE_-C CH: 


H 
Dimethyl-di-oxo-piperazine, or alanine anhydride. 








The dipeptide and the dipeptide ester each contain two unlike asymmetric 
carbon atoms, and therefore exist, and can be obtained, in four different 
optically active forms, to wit: 


1. d-Alanyl-d-alanine 2. l-Alanyl-l-alanine 
(De: ethten ult (I) Tee 
3. d-Alanyl-l-alanine 4. /-Alanyl-d-alanine 
i td (£) + (I). 


The compounds 1 and 2 on ring closure yield two dioxo-piperazines, one 
the optical antipode of the other. On the other hand, the compounds 
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3 and 4 both yield the same inactive, intramolecularly-compensated, dioxo- 
piperazine, because during the last step of the reaction the previously 
unlike asymmetric carbon atoms are made alike. 

These examples of tartaric acid and of the dioxo-piperazines show that 
it is possible to ascribe to the stereo-isomers with several asymmetric carbon 
atoms a definite structure or configuration 4, when molecules with like 
centers of asymmetry are concerned. The determination of the configura- 
tions, the determination of the finer spatial structure, must therefore be 
added as a supplementary method to the determination of constitution. As 
soon as the asymmetry centers of substances are not alike, this can in general 
no longer be carried out. If, however, it is possible to derive such substances 
from compounds with like or similar centers of asymmetry, then a conclusive 
and “‘absolute’’ determination of configuration is possible. Nevertheless, 
care must be taken in this matter that the reactions necessary for the chem- 
ical conversions do not take place on the centers of asymmetry themselves 
(rather a strongly limiting factor in this case!) (See Chapter VII for complete 
discussion). As the simplest example we may take the acid methyl ester of 
dihydroxysuccinic acid (i.e. the monomethyl ester of tartaric acid). This 
occurs in four active forms, since the two centers of asymmetry are unlike: 


* 
HOOC—CHOH—CHOH—COOCH, 


By saponification we can make the two centers alike, and we can see 
whether a given active ester is derived from, or in this case yields, the 
d-, the /- or the meso-tartaric acid. By use of the same principle, except 
that the reactions used are less simple, Emit FIscHER ! was able to deter- 
mine the configuration of all the sixteen aldose-hexoses. 

We have then, quite independently of the chemical behavior of the 
compounds themselves, in the resolvability or nonresolvability of a com- 
pound into optical antipodes, a principle by means of which the assignment 
of a particular space-formula can be made. 

After what has been said on the properties of compounds with several 
asymmetric carbon atoms, the general methods of separation necessary to 
carry out these resolutions of optical antipodes are quite obvious. An optic- 
ally active substance, such as the dextro-rotatory lactic acid (d,), unites 
with two optical antipodes, such as d- and l-sec.-butyl alcohols (d, and /,) to 
form the diastereo-isomers, d,d, and d,/,. These can be separated by means 


14 AE. Wunperiicu, Konfiguration organischer Molekiile. Wirzburg, 1886. 

18 As an example, see the determination of the configuration of glucose, K. FREU- 
DENBERG, Naturwissenschaften, 16 (1928) 581. This was reproduced in abbreviated 
form in W. HitcKxer, Lehrbuch der Chemie, Vol. II, Chapter 13,6, pp. 377—378. 
Leipzig: Akademische Verlagsgesellschaft (1943). 
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of their physical properties. After the separation these two diastereo-isomers 
can again be split into their components, in this case by saponification. 
It is customary for the resolution of racemic acids to make use of salt- 
formation with optically active bases, and conversely for racemic bases. 
Alcohols are usually resolved by esterification with optically active acids. 
In certain cases one may also make use of the formation of molecular com- 
pounds (See Chapter III) with optically active substances 1%. If the differ- 
ences in the velocities of formation of the two diastereo-isomers are great, 
these relative velocities too may be used to effect resolution. The principle 
of separation used by Pasteur, making use of the optically-active organism 
of the fungi or bacteria, really amounts to the use of this relative-velocity 
principle: the organism uses up one of the antipodes very much more 
rapidly than it uses up the other. 

The formal representation and visualization of optical antipodes, and 
of diastereo-isomeric compounds, in the plane of the paper is possible 
because of the fact that in the so-called projection-formulas a certain direc- 
tion of rotation on the separate individual asymmetric carbon atoms is 
established by an arrangement of the four substituents, a, b, c, d, in a 
clockwise sense. Thus, for example, the two lactic acids are written in 
the form: 


OH H 
ES | 
H,C—C—COOH H,C—C—COOH 
| | 
H OH 
H—~ CH, — OH—» COOH H— CH, — OH—» COOH 
In clockwise sense or direction In anti-clockwise sense or direction. 


The assignment of d- or of J- to these plane formulas is arbitrary. 


In corresponding manner, the dihydroxysuccinic acids (tartaric acids) 
receive the formulas: 








COO: COOH COOH 
AI ran Z| 
H--C—OH HO—C—H H—C—OH 
x NUAN EAN 
HO—C—H H—C—OH H—C—OH 
Kx | 7 elias 
COOH GOO H COOH 
d-Tartaric acid l-Tartaric acid meso-Tartaric acid 
Same sense of rotation of H—» COOH—» OH ->C Opposite sense of rotation of 
in both halves of the molecule. H— COOH —> OH->C 


in the upper and the lower 
halves of the molecule. 


Internal re-inforcement of rotation Internal compensation 


6 A, Winpaus, F, KLANHARDT and R. WEINHOLD, Z, physiol. Chem., 126 (1923) 308. 
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From the formula of D-glucose we can see that the arrangement or con- 
figuration of the hydroxyls on the carbon atoms 2 and 3 corresponds to 


1 


CHO 
ey 

HO—C_H 
Heo 
fc ton 





CH,OH 
p-Glucose 


that of d-tartaric acid, on 3 and 4 to /-tartaric acid, and on 4 and 5 to that 
of meso-tartaric acid. 


(222) CONSTRUCTION OF MOLECULAR MODELS FROM ATOMIC MODELS 


The representation of the isomeric relationships of molecules by space- 
models, which can be built up out of the atom-models on the principles of 
VAN 'T HorfF, still requires special instructions for the use of these models. 
For even when we have the concept of the atom model, its use for the building 
up of molecular models has not yet been uniquely established. The con- 
struction of an atom model, such as the tetrahedron of VAN ’T HoFr, 
means physically in the first place only that the positions of the atoms 
united to this atom by chemical bonds are rigidly determined by its sym- 
metry relationships. The bonding lines from atom to atom, the directions in 
space of which are hereby established, will in what follows be called briefly 
“valences’’, and for the time being be conceived only from a purely geomet- 
rical point of view. Thereby, however, only the positions of these atoms 
relative to one another, but not relative to more distant atoms, are established. 
In the construction of models of larger molecules, there remain open then 
a great many possibilities, and there result on this basis possibilities of 
isomerism which do not correspond with the findings of experience. Thus 
it is possible to build molecules which do not contain any asymmetric 
carbon atom (or other center of asymmetry), and yet are related to each 
other as an object and its mirror image. Nor do they fulfill the LE BEL 
condition for symmetry—like substituents in geometrically equivalent post- 
tions,—for the more distant atoms. This is illustrated, for example, by 
the following models for dichloroethane: 


I 
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H H 

H GI LAN wet 
ighaml 
eae ek , 


Of the various models for meso-tartaric acid that can be constructed 
out of the tetrahedra, only two correspond to the empirical requirement 
made that they must be identical with their own mirror-image enantio- 
morphs. One of these two is that in which the upper half of the molecule 
is derived by mirror reflection of the lower half, by a plane laid perpendicular 
to the C—C-bond; in which then the like substituents are one above the 
other (Compare Fig. 12). The other is of centrosymmetric structure, with 
the like substituents opposite one another (Figure 13). 





CO>H 
H a OH 
HO H 
CO2H CO,H 
Fig. 12 Fig. 13 


If, on the other hand, the upper and the lower halves are rotated with 
respect to one another, then, as in the case of the above model of dichloro- 
ethane, the molecular model does not possess a plane of symmetry, for it 
can no longer be brought into congruency with its own mirror image. 
Such models can however be brought into congruency or coverage with 
their mirror images by means of a simple rotation of one half of the molecule 
about the C—C-axis. 

In order not to come into contradiction with the results of experience 
we must either assume that the positions of even the more distant atoms 
are rigid, and obey the LE Bet conditions for the total symmetry of the 
molecule, or, on the other hand, we may admit that all the positions which 
can be formed by the models may occur, but that then the times for which 
the atoms linger in such other positions are small as compared to the time 
necessary to form a substance. Since it is however certain that not only 
chemically bound atoms, but also more distant atoms of the same molecule, 
must exert mutual influences one upon the other (proofs for this will be 
given in later chapters), these various positions into which the atoms may 
be brought by a rotation about the C—C-axis cannot all be energetically 
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equally justified, but rather there will be one or even several positions which, 
depending on the nature of the substituents, will be favored as corresponding 
to minima of potential energy. If there are several such positions of minimum 
(potential) energy, we must, because of the existence of only one substance 
as represented by the space-formula of the substance, assume that even in 
these positions the time of lingering or stay of the atoms is not great enough 
to permit of an isolation of such space-isomers as might be represented 
possibly by the two forms of meso-tartaric acid shown by the Figs. 12 and 
13. Nevertheless we always retain a possibility of explaining special cases 
of seemingly excess isomers by an exceptionally great stabilization of such 
positions. 

The models themselves do not give any kind of expression to the force- 
effects of more distant atoms. Therefore no predictions whatever can be 
made as to either the frequency or the stability of the individual positions 
possible on the basis of the models without making use of special auxiliary 
hypotheses on the mutual interactions of more distant atoms. These can 
only be obtained by special conceptions which have nothing to do with the 
concept of the atom model itself, and which are derived from quite different 
types of physical and chemical observations. Since all molecular models 
which are interconvertible by rotation of the centers of gravity of the atoms 
about their common axis correspond to one and the same chemical individual, 
the auxiliary hypothesis which must be added, as a sort of set of instructions 
for the use of the space-molecule models in order to explain the number of 
isomers, is known as the hypothesis of so-called “‘free’’ rotation. The extent 
to which this rotation is really “‘free’’, or is subject to the effects of more 
distant atoms not in direct chemical union, must be determined by special 
experiments not derivable from model considerations alone. Of this type 
are the measurements of the specific heats, determinations of the vibration- 
frequencies of the atoms in the infrared, and the dispersion of electrons. 
At this point we shall not discuss any further these methods that permit of 
a more thorough consideration of the classical stereochemical concepts, 
the more so as the evaluation of the experimental results as given by 
various authors is not the same, even in the case of the ethane molecule. 
It is nevertheless certain that in ethane the hydrogen atoms do produce 
an energy content barrier of some 3 Calories that must be overcome on 
rotation. For a discussion of the fixing of positions with “‘inverse positions’ 
of the tetrahedra, see This Text, p. 125, Fig. 211’. 

The visual representation of the number of isomers by means of the 
molecular models constructed out of tetrahedral carbon atom models 


17 For the hindering of free rotation, see This Text, pp. 70, 74, also K. S. PITZER 
and J. D. Kemp, J. Chem. Phys., 4 (1936) 749. 
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making simultaneous use of the hypothesis of free rotation is quite in agree- 
ment with the facts of experience. It achieves then first of all the same as 
does the theory of the asymmetric carbon atom, in that all molecules, 
which according to this theory should be able to exist as optical antipodes, 
have corresponding models which can neither be brought into congruence 
with their mirror-image enantiomorphs nor converted one into the other 
by a rotation (of one half) about the connecting C—C-axis. In the case 
of the diastereo-isomers with intramolecular compensation, the composition 
of the molecule out of two mirror-image halves is made visually very evident 
by the fact that the molecular models can be put into forms such that 
the one half appears to be generated from the other by reflection from a 
plane, as for example in the case of meso-tartaric acid in Fig. 12 3°. | 

The models however lead us further and beyond the theory of the asymmetric 
carbon atom. For, for the molecules of certain types of structure which 
contain no asymmetric carbon atom, we obtain space-models which cannot 
be brought into congruency with their mirror images. The asymmetric 
(carbon) atom is therefore only a sufficient, but not a necessary condition 
for the formation of asymmetric molecules. 

The general geometric condition for the asymmetry of a molecule is the same 
as for enantiomorphism in crystals: the absence of a plane of symmetry and 
of a center of symmetry '. 

Special emphasis must be placed on the fact that the property of optical 
rotation is exhibited not only in the 11 enantiomorphic crystal classes, but 
may, though it need not, also appear in four other classes that possess planes 
of symmetry. The special requirement of a screw-shaped arrangement of 
the lattice-elements, but not of a screw-axis, that is necessary for the ap- 
pearance of optical rotation in the latter four classes, will scarcely ever be 
fulfilled for molecules. Hence for an optical activity based on a molecular 
asymmetry we may neglect this additional condition. It should be men- 
tioned furthermore that crystals of molecules that by themselves are not 
asymmetric may exhibit optical rotation, limited then of course to the solid 
state. An example of this is the mesityl-oxido-oxalic acid methyl ester, 

cH hens, 
C=CH—CO—CH=C 
CH,~ ~COOCH, 


Methyl ester of 2-hydroxy-4-keto-6-methyl-hepta-2,5-diene-oic acid-r, 
6-Methyl-hepta-diene-2, 5-ol-2-one-4-0ic acid methyl ester-1 





18 Special cases are represented by intra-molecularly compensated molecules with a 
Symmetry center, such as the inactive dioxopiperazine prepared from alanylalanine 
(inactive alanine anhydride, see p. 62). Compare also G. WittiG, Stereochemie, Pp. 94. 

1° For a general derivation see W. von ENGELHARDT, Die Chemie, 57 (1944) 133; 
also FIAT Review of German Science 1939—1946, Vol. 34, Theoretical Organic 
Chemistry I, pp. 84, 85, S. Leibiger Inc., New York, 1951. 
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(This Text, p. 295) which crystallizes in the monoclinic hemihedral (or 
domatic) class, containing one plane of symmetry as a symmetry element, 
i.e. a class outside of the 11 enantiomorphic ones. 

Those molecules which contain no asymmetric carbon atom, but space 
models of which nevertheless permit us to predict mirror-image isomerism, 
do actually, as experience shows, occur as optically active compounds. 
Thus of the various stereo-isomeric inosites 7°, one form is asymmetric, and 
one optically active inosite is also actually known,—that corresponding to 
the schematisized space-formula picture: 


HOH H OH HO H 
aw tyra? 2 eo 
HOHC CHOH HO PS OH HO | i JOH 
| ee ag = Se ian “OH! 
HOHC CHOH iN #H Ho Ex MET et 
poeta Vs Na lye oad 1S Nee Pigg = 
HOH | 7 

OH OH OH OH 


In the same way, optical activity has been found in the case of suitably- 
substituted spiranes 1, that is, compounds in which a quaternary carbon 
atom is common to two rings. This is to be expected if the spirane carbon 
atom is tetrahedral, and the planes of the two rings are hence perpendicular 
with respect to one another ??. Examples of this type are: 


1) Spiroheptane dicarboxylic acid *: 
HOOC CH CH H 
pineal ees apse OF 


G iC 
Be i eN at a 
Fea CHO” RCH.) COOH 


2) Dipyruvic acid penta-erythrite or penta-erythritol di-pyruvate ** : 





Ole ee Nea PCH On seg pec UOH 


Cc 
mo a 
HOOC™ ~\o——CH,~ Scu,—0o ‘CH, 





and 


C O——CH CH,——O CH 
HOO cv a ea RN iat Date 3 


Ca CO ia 
new rep eo ~CH,——0O— “NcooH 





20 For more recent investigations, see R. CH. ANDERSON and E. S. Watts, J. Am. 
Chem. Soc., 70 (1948) 2931. 

21 From spira = pretzel. 

22 QO. AscHAN, Ber., 35 (1902) 3389. | 

23 H, J. BACKER and H. B. J. SCHURINK, fec. trav. chim., 50 (1931) 921. 


24 J, BOESEKEN, Ber., O1 (1928) 1855. 
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3) Keto-dilactone of benzophenone-2,4-2',4’-tetracarboxylic acid **: 
CO—O 


/ 
HOOC —c_—<X<_ > COOH 


i aad 


4) Bis-dihydro-carbostyril-3,3’-spirane-6,6’-disulfonic acid 76: 





SO,H SO,H 
| 
ait CH, cx ee 
FR \co—NH 
as weil as others. HC. Wa: 
The simplest spirane, spiropentane 2’, | eee 


has as symmetry planes the two mutually perpendicular ring-planes, as 
proved by electron-diffraction measurements *8, and can therefore not occur 
in optical antipodes. 

Finally we may yet mention those cases in which the asymmetry of the 
molecules arises as a result of the elimination, or at least a repression, of 
the free rotation, These are known also as rotational repressional asym- 
metry °°. They were first observed in the case of derivatives of diphenyl, 
then also among the derivatives of dinaphthyl, dianthryl, dipyrryl, N-phen- 
ylpyrrole, etc. 31. 


25 ‘W. H. Mitts and C. R. NoppEr, J. Chem. Soc., 112 (1920) 1470. 

26H. Levens, Bey., 55°(1922). 2131. 

*? This is prepared from C(CH,Br), and zinc in liquid acetamide, and is freed from 
the accompanying methylenecyclobutane and isoprene by means of bromine and 
Silver nitrate solution, b. pt. 38.5° at 750 mm. Its spirane structure is proved further 
by the Raman spectrum, M. J. Murray and E, H. STEVENSON, J. Am. Chem. Soc., 66 
(1944) 812. The results of the catalytic hydrogenation with platinum oxide ,—yielding 


Pusidhyticenestadl ee ten 1 me bees 

etramethylmethane, imethylcyclopropane, (CH,), >C< | , and iso- 
CHG esis eee 

pentane, (CH;),CH—CH,—CH;, — are also in agreement with this structure. See 


V. A. StaBEy, J. Am. Chem. Soc., 69 (1947) 475. Compare also G. Gustavson, Fee 
prakt. Chemie (2), 54 (1896) 98; H. Frecur, Bey., 40 (1907) 3884. 

ee Le WONGHUH SG. cre HuMPHREY, and V. SCHOMAKER, J. Am. Chem. Soc., 67 
(1945) 332; CL—C? = 1.48 A; CL—-C? = 1.57 A- and C_.C,Gre pg ba 

2° For a comprehensive review see H. HILLMANN, Z. angew. Chem., 50 (1937) 437. 

30 R. Apams and H. C. Yuan, Chem. Rev., 12 (1933) 261; also R. L. SHRINER, 
R. Apams, and C. S. Marvet, in H. GILMAN, Organic Chemistry, Vol. I, PP. 343 etc. 
2nd. Ed., John Wiley & Sons, New York, 1943. 

*1 For a detailed review see: STEFAN GOLDSCHMIDT, Stereochemie (Stereochemistry) 
Pp. 43 etc. in Hand- und Jahrbuch dey chem. Physik, Vol. 4, Leipzig (1 933); also W. 
PATTERSON and RoGER ADams, J. Am. Chem. Soc., 55 (1933) 1069. For the dipyrryl- 
benzenes, see CHIN CHANG and R. ADAMS J. Am. Chem. Soc., 56 (1934) 2089. 
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In the case of diphenyl itself, ‘‘free rotation’’ does exist, i.e. the two 
benzene rings, each thought of as a plane, may occupy any position with 
respect to each other from being parallel in a single plane (I), to the per- 
pendicular position (II): 


2 et ilies ratio ale vii al 
ent eae 


In the case of suitably o0,-0’- tri- and tetra-substituted derivatives, 
as in the case of the nitro-diphenic acids, a separation into optical antipodes 
can be carried out. This proves that the position of the substituents cannot 
be planar, as illustrated for example by 0,0’-dinitro-diphenic acid 22: 


NO, NO, 
ae aes 
- ya 
COOH HOOC 

Here then we must be faced by an inclined or relatively perpendicular 
position of the two benzene rings one to the other. In the case of diphenic 
acid itself this position is not stable enough to permit of an isolation of the 
optical antipodes as such. Following R. Kun, isomers of this type are 
called atropo-isomers. 

On the model the elimination of free rotation, and the inclined or perpen- 
dicular position of the benzene rings, appears quite illuminatingly *°, if for 
the three or four ortho-substituents we assume a sufficiently large volume 
or space-filling capacity; for in this case they simply can not move past 
each other by rotation about the C—C-axis joining the two benzene nuclei. 
In accord with this conception is also the fact that the tri-ortho-substituted 
compounds, such as the ortho-nitro-diphenic acid and the o0,’-dinitro- 
diphenic acid, 


WENO} ‘i HNO: rh 
4 >? » and 4 »— S—no, 
COOH COOH - GOOH COOH 
do slowly undergo racemization, because of the incompletely hindered free 
rotation, while the 0,0’-dinitro-diphenic acid exhibits no measureable 


velocity of racemization even at higher temperatures ™, 


82 G. H. Curistie and J. Kenner, J. Chem. Soc., 121 (1922) 614. Further examples 
are cited in J. Chem. Soc., 123 (1923) 1948; (1926) 671. 
83 W.H. Miits, Chem. Ind., 45 (1926) 884, 905. Compare also E. E. TURNER and 
R. J. W. Le Fever, ibid., 45 (1926) 831, 883; F. Bett and J. Kenyon, ibid., 45 
RG: 
La Reta and O, ALBRECHT, Amn., 455 (1927) 294; F. Bet and P. H. RoBINnson, 
J. Chem. Soc., (1927) 2234. 


72 STEREOCHEMISTRY II 


NO, ed 


O-OD 
| 
COOH COOH 
Further in agreement with this conception are the results of the experi- 
ments of MEISENHEIMER *. According to these the optical activity disap- 
pears whenever groups in the ortho-position can undergo double intra- 
molecular reaction %°. This is possible only when the rings lie in the same 
plane. The active 6,6’-diamino-ortho-ditolyl, 


CH, CH, 
| es 
ae a 
NH, NH, 
is not racemized on acetylation. On subsequent oxidation of the methyl 
groups to carboxyl groups considerable racemization takes place, and then 


a saponification of the acetylamino groups leads, even under the mildest 
experimental conditions, to the completely inactive racemized dilactam: 





NH, NH, NHCOCH, NHCOCH, 
~ phat —\ didies 
Pe ny 
CH,” ‘CH: CH, CH, 
H O 
NHCOCH, NHCOCH, oe 


] je N—C 


Fieger nD eae ee 


COOH COOH | 


6 J. MEISENHEIMER and M. Horina, Ber., 60 (1927) 1425. 


ap ki closure of only one ring is effected the optical activity may be retained, as for 
example in the case of the anhydride of the 0,0’-dimethoxy-o”,o’’’-bis-(diphenyl- 
hydroxymethyl)-diphenyl, 


OCH, ae 
<> 
(C.H,).>C C<(C,H,), 
O 


Cf. G. WittiGc and H. Perr, Amn., 505 (1623) 25. 
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The prevention of free rotation as the result of space-filling steric hindrance 
by the substituents may produce stable optical isomers in the case of other 
compounds as well. Thus the o-((,0’-dimethyl-«-7sopropylvinyl-)-phenyl- 
trimethyl-ammonium iodide (I) of MILLs and DazELEy ® has been resolved 
into its optical antipodes, which are still optically stable at 100° C. The 
steric hindrance effect in this case is due to the 6-methyl group cis to the 


benzene ring group; the ?-monomethyl compound II can not be similarly 
resolved: 














CH a " GH, +7 
| 
GC G 
(CH,),CH | (CH,),CH 
\f rom |, \Z\a |, 
(HCH), (-N(CH)s 
moe! “4 = ky a 
I II 


Further examples of this kind are illustrated by «-methyl-?-bromo-z,4,6- 
trimethyl-3-bromocinnamic acid 8 and the (alkyl) esters of N-dimethyl- 
amino-ethanol with «, $-diphenyl-2,4-dimethyl-6-methoxy-cinnamic acid **: 


COOH COO—CH,-CH,-N(CH,), 
| 
C C 
Br C,H; 
CoE ag \cu, ad \c,H, 
HC. is CHO). CEs 
CH, CH; 


The latter, however, undergoes rather rapid auto-racemization in accord- 
ance with a first order reaction law; in methanol solution the rotation has 
decreased to one half after 43 minutes. 

Of a similar nature is the optical isomerism of the 4,5,8-trimethyl- 
1-phenanthryl-acetic acid, 


Shuts. 


CH, 


| 
Dee COOH 
37 W. H. Mitts and G. H. Dazetey, J. Chem. Soc., (1939) 460. 
38 R. Apams and M. W. MILLER, J. Am. Chem. Soc., 62 (1940) 53; furthermore also 
R. Apams, A. W. ANDERSON and M. W. MILLER, ibid., 63 (1941) 1589. 
39 G. Wittic, A. OPpPERMANN and K,. FABER, J. prakt. Chem. (2), 158 (1941) OI. 
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the optical antipodes of which racemize quite rapidly, within 8 hours se 


A molecular asymmetry of still a different kind is that produced by the 
hindrance of rotation of a para-bridged benzene ring within a poly-mem- 
bered ring system, in the case of the so-called ansa-compounds (This Text, 
p. 115). This occurs when suitable substituents are attached to the benzene 
ring, and the poly-membered ring is not too large*!**. Thus for example 
the decamethylene ether of 4-bromo-gentisic acid is resolvable into quite 
stable optical antipodes: 








CH,—CH,~CH,—CH,—CH,-- CH, CH,—CH,—CH,—CH,—CH,—CH, 
CH CH CH, CH 
fet COOH MNEE | HOOC | 
CH | CH, and CH, | CH, 

Br Br 


Cyclic compounds. Cis-trans isomerism 


Free rotation can also be prevented, or limited, by ring-closure of the 
carbon chains. In this way even more remote atoms may be held more 
or less rigidly in certain positions. This does not, however, lead to any 
new types of isomerism. If the molecules contain asymmetric atoms, they 
occur in the same number of stereo-isomeric forms as they would if the 
chain were open. Exceptions in which the number of isomers is reduced, 
as in the case of camphor, will find their explanation later on by a proper 
rational application of the fundamental principles of the tetrahedral hypo- 
thesis. In the case of the internally compensated meso-forms the atoms are 
not forced by ring closure into positions that would produce an asymmetry of 
the molecule as a whole; the models of such compounds can much rather al- 
ways be assigned forms in which the upper half is the mirror image of the 
lower half, and in which like substituents are placed one above the other. 
These relationships appear quite clearly in the models when such substances 
as the dimethylsuccinic and the cyclopentane-dicarboxylic acids are com- 
pared, if we think of the cyclic compounds as formed by insertion of a CH,- 
group between the aliphatic ends of the acyclic compounds, thus: 


40M. S. NEwMAN and A. S. Hussey, J. Am. Chem. Soc., 69 (1937) 2023. 

“ A. LUtrrincuaus and H. GRALHEER, Naturwissenschaften, 28 (1940) 255; Ann., 
550 (1941) 67. 

** For further examples see A. LUTTRINGHAUS, Amn., 557 (1947) 108, 112. 
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H H 
| 
H,;C—C—COOH _CH,—C—COOH 
CH, 
Ree OOH Ret C-- COOH 
H iu 
meso-Dimethylsuccinic acid “cis’’-Cyclopentano-dicarboxylic acid 
H H 
| | 
H,;,C—C—COOH _CH,—_C—COOH 
CH, 
H,C—C—H SCH,—C—H 
| “slid 
COOH COOH 
d-Dimethylsuccinic acid d-“tvans’’-Cyclopentano-dicarboxylic acid 
COOH COOH 
| | 
H,C—C—H _CH,—C—H 
CH, | 
ieee ayers ~CH,—C—COOH 
| 
H H 
l-Dimethylsuccinic acid l-“tvans’’-Cyclopentano-dicarboxylic acid. 


As we can see already from the projection formulas, the meso-dimethyl- 
succinic acid yields that cyclic acid in which the two carboxyl groups are 
placed one above the other; corresponding to the active chain-formed acids 
are the active cyclic acids in which the two carboxyl groups are on op- 
posite sides of the ring. Since the positions of more widely separated 
atoms in the cyclic ring are rigidly determined in this manner, special 
designations for them have been introduced to indicate the position of the 
substituent on the near or the far side of the plane of the ring: c7s-position 
referring to two substituents on the same side, and ¢vans-position referring 
to two substituents on opposite sides of the ring *. 

This spatial determination of the more distant atoms by means of ring- 
closure occurs only in the case of rings with a small number of ring link 
members. In the case of rings with eight or more links,—as to the spatial 
structure of which we shall have somewhat more to say later on,—the mobility 


43 Because of the analogy between the meso- and the cis-, the vacemic- and the 
tvans- forms, the open chain compounds have often by analogy also been designated as 
cis- and trans-compounds. This is however rather a questionable procedure, for in the 
meso-dimethylsuccinic acid, for example, the two carboxyls can be diametrically 
opposite (Compare with the centrosymmetric representation of meso-tartaric acid in 
Fig. 13), while in the cyclic compounds the two carboxyls mustbe vicinal neighbors, 
The designations cis- and trans- were given by A. v. BAEYER, Amn., 245 (1888) 138. 


76 STEREOCHEMISTRY II 


of the rings is so great that we cannot speak even of an approximate fixing 
of the positions of the substituents in space. 

In those cases, however, in which a certain rigidity of the molecules is 
produced by ring-closure, the models do give quite definite, and correct, 
relative positions for the more remote atoms. Such examples are therefore 
peculiarly suited for obtaining information on the effects of more distant 
atoms. These effects can usually not be derived from the behavior of chain- 
form compounds in which the preferred position or positions are usually 
not known, and more or less certain indications there-of must first be 
obtained by means of special experiments. The fundamental prerequisite 
for such conclusions is, of course, that the czs- and the trans-positions of the 
substituents can be ascertained with certainty. For the present this can 
be done with absolute certainty only in the case of symmetrically built 
compounds of the type of cyclopentano-dicarboxylic acid, in the case of 
which an absolute proof of configuration is possible on the basis of resolva- 
bility (tvans-form) or non-resolvability (cis-form), and for such compounds 
as can be related to such symmetrically constructed compounds by the use 
of reactions which do not act on the center of asymmetry. 

One further special type of limitation of the number of isomers should 
yet be mentioned here.This type is found only in the case of cycliccompounds, 
for the presence of two substituents common to two asymmetric carbon 
atoms is essential for this. In the case of the 1,3-substituted cyclobutanes, 
the 1,4-substituted cyclohexanes, and of molecules of correspondingly 
symmetrical structure, as for example the compounds: 





* -H 
H,C——-Cc HOOC CH,—CH COOH 
| | CH, m4 eg? 2 ae . 
| and prions ee 
HA |x a, = hae a 
Pee ce atti H CH CH: H 


only two non-resolvable diastereo-isomers, the cis- and the tvans-forms, are 
possible. At a first glance it seems as if these compounds did not even con- 
tain an asymmetric carbon atom. This is, however, not the case, for while 
the two carbon atoms starred do possess the same four substituents all 
the way around, the configurations of these substituents are inevitably 
different. If for example in the case of the trans-cyclohexane-I,4-dicar- 
boxylic acid (hexahydro-terephthalic acid) we start at the lowest carbon 
atom as C,, and go up on the right side, that is via C, and C;, then the substi- 
tuents on the uppermost carbon atom C, will appear to be in a certain, let 
us say, d-configuration; if now we go instead up the left side via C, and C,, 
these same substituents on C, will appear to be in an l-configuration. C, is 
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therefore a center of asymmetry with four different substituents: since 
however two of these differ only by the sign of direction of rotation we 
have internal compensation. In exactly the same way C, is also a center of 
asymmetry ; if, starting at Cy we go down the right side by way of C, and 
C, to C,, this appears, as did previously C,, to be dextro-rotatory, while if we 
proceed down the /e/t side by way of C; and C,, C, appears to be Jaevo- 
rotatory. 

In the case of czs-cyclohexane-1,4-dicarboxylic acid we find again that 


H , COOH Bi ah PES Pn upheld 

S67 | | 

5 3 
H,C CH, 

| d- d- hn a 
H,C _ CH, 

6-2 

te 

H COOH K> Lio << 


if we start from the lowest atom C, and go up to the right side, C, appears 
d-rotatory, where-as if we go up the /eft side of the ring it appears /-rotatory. 
Conversely, if we start at the top from C, and go down the right side, we 
find that, unlike the case with the tvans-compound, C, appears /-rotatory, 
while if we go down the left side, C, appears d-rotatory. Since however all 
of the substituents are alike as regards their chemical nature, and hence 
exhibit the same absolute values of the rotations, this molecule too is 
internally completely compensated and nonresolvable. From exactly the 
same line of argument it follows, furthermore, that even when the 1,4-sub- 


ett le Hat 2 aaa 
wee ots on 
+ Ah iin Say eS 
See Tih . ie 
| | 
aide GE. H,c CH 
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stituents are different, as in the case of 1-methyl-cyclohexanol-4, both the 
cis- and the trans-forms are individually internally completely compensated, 
and must therefore be nonresolvable. 
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With the help of the hypothesis of the asymmetric carbon atom it is 
therefore possible by means of a rather difficult, or at least tedious, process 
of reasoning, to derive the inactivity of the symmetrically substituted cyclo- 
hexane and cyclobutane derivatives 44. It is more convenient, however, to 
consider the symmetry of the molecule as a whole, for which purpose we 
may simplify things by assuming both the six-membered as well as the 
four-membered rings as planar. Both the c7s- as well as the trans-form 
possess a plane of symmetry. In the case of like substituents, the cis-form 
also has as an element of symmetry a mirror plane of reflection, while the 
tvans-form has a center of symmetry. 


(2v) STEREOISOMERISM OF COMPOUNDS WITH MULTIPLE BONDS 


The double bond may formally be conceived of as a two-membered ring 
compound in which adjacent atoms are bonded to each other twice sepa- 
rately. While this is a very formal way of considering the double bond, 
and while it corresponds very little, or does very little justice, to the chemical 
behavior of compounds with multiple bonds as compared to the behavior 
of the cyclic compounds in general, it does nevertheless enable us to predict 
correctly the number of stereo-isomers with multiple bonds. By the closure 
of the ‘‘two-membered ring”’ the free rotation is prevented just as in the 
case of other rings with not too great a number of ring members, and hence, 
just as in the case of the latter, we have cis-trans-isomers. In the case of the 
double bond, however, these can not be derived as in the other case from 
the theory of the asymmetric carbon atom. For if we wish to picture to 
ourselves a two membered ring by means of a model, we must abandon the 
demand of the hypothesis for a tetrahedral-symmetric arrangement of the 
four substituents, since of course two of these substituents are now represent- 
ed by the same atom. In order in spite of this to make use of the tetrahedra! 
model for the representation of the double bond, we follow VAN ’t Horr, 
and place two tetrahedra side-by-side to one another along an edge in such 


“* By means of still more complicated and tedious considerations, and with the help 
of certain auxiliary concepts, the hypothesis of the asymmetric carbon atom can also 
be applied to such cases as that of inosite (inositol) (p. 69), and the number of isomers 
derived, This was done by E. Mour (J. prakt. Chem, (2), 68 (1903) 369) who found for 
inosite theoretically 7 inactive forms (internally compensated), or meso-forms, 2 active 
forms, and one racemate. Mour himself however comments on this as follows: “Never- 
theless there arises now more than ever the question whether it is not more practicable 
and useful to replace the VaAN’t Horr concept of the asymmetric carbon atom by the 
simpler concept of PasttEuR—the principle of the symmetry relationships of the 
molecule as a whole’’. Compare also O. Ascuan, Ber., 35 (1902) 3389; also in his books, 
Alicyclic Compounds, pp. 349—432, 350 (1905); Naphthene Compounds, Terpenes and 
Camphor Derivatives, p. 30 (1929) 
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a way that the four valences thought of as emanating from this edge, two 
for each atom, all lie in the same plane: 





Fig. 14 


As we see, in this figure the “‘valences’’ which radiate out from the 
carbon atom in the direction of the corners of the tetrahedron, and which 
in the case of the simple bonds continue straight on to the next atom, are 
here strongly bent. It is characteristic of this model of the double bond 
that two marked planes are established as mutually perpendicular; in the 
one plane lie the valences which constitute the double bond, while in the 
other plane, perpendicular thereto, lie the four substituents; the free rota- 
tion is completely eliminated. From this it follows immediately that what- 
ever may be the nature of the substituents, or the number of isomers result- 
ing, no optical activity can be produced by the double bond, for all of 
the atoms lie in a single plane. This prediction of the theory is fully in 
accord with the facts of experience. For this reason then, too, the formal 
graphical representation is very simple: the atoms are simply placed in the 
plane of the paper, and the plane of the double bond is thought of as placed 
perpendicular thereto. 

If now each doubly-bound atom bears two different substituents, then 
for the most general case when C, will bear a and b, and C, c and d, we shall 
expect the occurrence of two isomers. For we can combine the substituents 
in two times two pairs: a,c +b, d, and a, d+), c. These may be 
distributed on both the sides of the plane determined by the double bond: 


a b a b 
TR eG WE eg 

iC G 
| art 
i ae 

eg Bod d~ <6 

a,c; b,d in the czs-position a,d; b,c in the cis-position 
a,d; b,c in the tvans-position a,c; b,d in the tvans-position. 


As an example of this cis-trans-isomerism on doubly-bound atoms, let us 
consider the pair of isomers, fumaric and maleic acid, for which this type 
of isomerism as predicted by VAN’T Horr was first proved by WISLICENUS 
in 1887 *. 


45 J, WISLICENUS, Uber die raumliche Anordnung der Atome in organischen Molekiilen 
(On the, Spatial Arrangement of the Atoms in Organic Molecules), Leipzig, 1887. 
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HOOC—C—H wi ieowe' Le 
Hierson H—C—COOH 
Fumaric acid, tvans-position Maleic acid, cis-position 


of the H-atoms and the carboxyls. 


The determination of the substituents which lie relatively czs- and rela- 
tively trans- is possible by chemical methods in only a few rare cases. The 
absolute proof of configuration, such as was carried out in the case of the 
cis-trans-isomers of cyclic compounds, in so far as these exhibit the suitable 
symmetry relationships of the centers of asymmetry, is not possible in this 
case. Frequently, however, the principle of intramolecular reactions of 
spatially neighboring or vicinal groups as used by WISLICENUS achieves 
our object, provided these can react with one another, as they can in the 
case of the dicarboxylic acids. The cz’s-compounds then yield ring-formed 
or cyclic compounds, while the tvans-compounds fail to do so. In this way, 
as well as in still other ways, the spatial formulas given above for fumaric 
and maleic acids were determined:—only maleic acid is able to form its 
own internal anhydride. In carrying out such determinations of the con- 
figuration, it is however necessary to proceed with caution, for they are 
reliable only when the reaction used does not attack, 1.e. alter, the arrange- 
ment of the atoms or groups attached to the doubly-bound carbon atom 
(See WALDEN Inversion, Chapter VII). 

The determination, or fixing, by the VAN ’r Horr model, of the substi- 
tuents in a plane perpendicular to that of the double bond. permits the 
prediction of still other analogies to the cyclic compounds besides the analogy 
of czs-trans-arrangement. As in the case of the spiranes, so also for the 
combination of two two-membered rings with a common carbon atom, i.e. 
the derivatives of allene H,C=C=CH,, an optical activity is to be 
expected as the result of a molecular asymmetry. Because of the difficulty 
of preparing suitable compounds of this type, which are usually very 
unstable, it is only very recently that optically active allenes have become 
known, as for example 1,3-diphenyl-r1,3-di-«-naphthyl-allene 46 


C,H Fs a CHy 


a-C, 9H, CoH, («-) 
and the 1,3-diphenyl-1-«-naphthyl-3-carboxylic acid ester of glycollic acid 47: 


a 12 MAITLAND and W. H. Mirts, Nature, 135 (1935) 994. For further work on 
optically active allenes by the same authors see J. Chem, Soc., (1936) 987. 
ed Fi | 2 KOHLER, J. T. WALTER and M. TISHLER, J. Am. Chem. SOGT 


1743. 57 (1935) 
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On the other hand, for the combination two-membered ring—six-membered 
ring, i.e. methylenecyclohexane, 


derivatives, optical antipodes have been known for a long time, as for 
example the methylcyclohexylidene-acetic acid, which was first resolved 
by PERKIN, PoPpE and WALLAcH 38: 


H (SR ee an CH ACH. ait 
ey ites oe ard C= uae oi 
e we “y iit 
Wipe OOH CH. COOH HOOG GH aati, auuecriA 


The planes of the six-membered ring and of the double bond are perpen- 
dicular to one another; the substituents on the doubly-bound carbon atom, 
H and COOH, therefore lie in the plane of the paper, just as does the six- 
membered ring, while the methyl group is to be thought of as in front, 
and the H atom behind, the plane of the paper. 

This isomerism, which is based on the differences in the distribution of 
the substituents relative to a plane determined by the double bond, is 
not limited only to compounds containing doubly-bound carbon. For in 
the case of doubly-bound nitrogen too, we observe isomerisms which can 
be interpreted only by a corresponding space-isomerism as was first done 
by HantzscH and WERNER in 1899. 

Most thoroughly investigated have been the oximes, for which we may 
cite benzaldoxime as an example: 


C,H,—_C—H ok ada Gli 
|| 
N—OH HO—N 
H and OH in syn-position, H and OH in anti-position, 
OH and C,H; in anti-position ; OH and C,H, in syn-position. 


48 W.H. PERKIN Jr., W. J. Pore, and O. Watracu, Amn., 371 (1909) 180; J. Chem. 
Soc., 95 (1909) 1789; 99 (I9II) I5I0. 


82 STEREOCHEMISTRY iW 


In this case it is usual to replace the terms cis- and trans- commonly used 
for the carbon compounds by the terms syn- and anti-*. 

In the case of azobenzene, stereo-isomerism is possible on the N = N- 
double bond; the ordinary azobenzene is the anti- (or tvans-) form °°: 


C,H; C,H; C,H; 
ay 
C,H; 
Syn-(or cis-)-Azobenzene, m.pt. 71°. Anti-(or trans-)-Azobenzene, m.pt. 68°. 


Greater than the differences in the melting points are the differences in the 
reactivity with respect to diphenylketene. The cis-azo-compounds add this 
ketene instantly at ordinary temperatures, the ‘vans-azo-compounds only 
at higher temperatures °}. 

A corresponding isomerism exists also in the case of the diazocyanides,*? 
which also contain two nitrogen atoms in doubly-bound form: 





49 The formerly oft-held and presented point of view that stable isomers of this type 
occur only in aromatic and unsaturated oximes, and that this type of isomerism 
arises only as a result of a special effect of the substituents on the hydroxyl of the 
oxime, can no longer, already after the observations of O. WALLACH (Amm., 309 (1899) 
14; and 332 (1904) 337), be maintained. Compare also Fr. W. SEMMLER, Ber., 25 
(1892) 3518; W. MarKxownikorrF, Ann., 307 (1899) 348. (Compare also Chapter VII, 
p. 526). For the structure of the oximes, see finally P. Ramart-Lucas and J. Hocu, 
Bull. Soc. Chim, France (5), 5 (1938) 848, 987. 

50 G.S. Hartley, Nature, 140 (1937) 281; J. Chem. Soc., (1938) 633. For the prepara- 
tion of the cis-azo-compounds see A. H. Cook, J. Chem. Soc., (1938) 876. For a confir- 
mation of the stereo-isomerism by optical methods see K. v. AuwErs, Ber., 71 (1938) 
611; by crystal-structure methods, see J. M. Rosertson, J. Chem. Soc., (1939) 232. 
See also This Text, Vol. Il, Book III, Chapter XV. For dipole measurements see 
G. S. HarTLEy and R. J. W. LEFEvre, J. Chem. Soc. (1939) 531; also This Text, 
Vol. II, Chapter XII. 

*t A. H, Cook and D. G, Jones, J. Chem. Soc., (1941) 184. The compound formed is 


C,H,-N=N+C, 8; 


it a 
C,H C=C=0 


Cu. 

82 A. Hantzscu, Ber., 27 (1894) 2099, 3527. Another, non-stereochemical, inter- 
pretation of the isomerism of the diazocyanides is given by EUGEN MULLER, Neuere 
Anschauungen in dey organischen Chemie (Newer Viewpoints in Organic Chemistry), 
Organische Chemie in Einzeldarstellungen, Vol. 1, Berlin, Springer 1940). According to 
this author, the one isomer contains the cyano-group attached to the terminal 
nitrogen atom, the other to the non-terminal nitrogen atom, with corresponding 
changes in the distribution of the bonding electrons in the two compounds. This 
interpretation finds no support in experimental facts. Incidentally, moreover, the 
stereo-isomerism assumed by Hanvtzscu has also not been proved experimentally. 

The infrared and the vibration spectra indicate stereo-isomerism; see D. ANDER- 
SON, R. J. W. LEFévre, and J. SavaGeE; J. SHEPPARD and G. B. B. M. SUTHERLAND, 
J. Chem. Soc., (1947) 445, 453 resply. Similar conclusions are indicated by magnetic 
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The long-assumed syn-anti-isomerism of the diazo-sulfonates has been 
found by Hopcson et al. 554 to be really a structural isomerism, 
R—N=N—SO,;Na and R—N=N—O—SO,Na, 
as assumed already long ago by BAMBERGER °°. 


In the case of the diazotates R—N=N—ONa an observed isomerism has 
been interpreted by HANTzSCH in exactly the same way, although here, in 
spite of much work, the relationships still remain unclear *°. 

On the other hand, the presence of stereo-isomerism has been proved for 
the case of the diazo-esters °”, so that it must also be assumed for the dia- 
zotates where it has as yet not been proved directly, the more so as the 
diazo-esters undergo coupling reactions just as do also the diazotates. 

The diazo esters are formed as extremely labile compounds, either from a 
diazonium salt with sodium acetate, or by rearrangement of nitroso-acyl- 
aryl-amines, as for example the diazotate from N-nitroso-acetanilide °°, 


N 
fO* 
€.-—N—N C,H,—N O 
he a 
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FN CH; 
O feret 


3 


measurements; see D. ANDERSON, M. E. BEDWELL and R. J. W. LEFEvRE, J. Chem. 
Soc., (1947) 457. The different interpretations of EricH MULLER /.c. (also Edwards 
Brothers, Ann Arbor), and H. H. Hopcson and R. J. B. MARSDEN (J. Chem. Soc., 
(1944) 395), must therefore be rejected. 

58 H. H. Hopeson and E. Marspen, J. chem. Soc., (1943) 470. 

54 For the compilation of the structurally isomeric diazosulfonates see H. H. Hopc- 
son and D. Bamtey, J. Soc. Dyers & Color., 65 (1949) 231. On the other hand H. C. 
FREEMAN and R. J. W. LEFEvre, J. Chem. Soc. (1951) 415, consider the ultraviolet 
spectra to be so nearly alike that only a stereoisomerism can be involved. See also 
H. C. FREEMAN and R. J. W. LEFEvreE, J. Chem. Soc., (1944) 395. 

55 E. BAMBERGER, Ber., 27 (1894) 2586, 2930. 

56 For the literature see G. WiTTIG, Stereochemie, p. 207—208. The analogies between 
the stereo-isomeric aldoximes and the syn- and anti-diazotates are emphasized by 
W. SwIETOsLAwSKI, Ann., 491 (1931) 279. For a discussion of the deformation-hypo- 
thesis of the nitrogen atom as used there to explain the isomerism observed, see This 
Text, p. 129, footnote 212. 

57 R. HuisGen, Angew. Chem., 62 (1950) 369. 

6 This Text, Chapter VII, pp. 572 etc., also Chapter X, p. 799. 
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The behavior of the respective products obtained shows that the two 
modes of formation yield different substances. Model-considerations, which 
can also be expressed by means of the projection formulas here used, show 
that the monomolecular course of the acyl migration °® must lead to the antz- 
form of the ester. The acyl migration is hindered when aryl and acyl are 
together in one 5-membered ring; it proceeds normally for 6- and more- 
membered rings, with expansion to 8- or more-membered rings. The anti- 
configuration on the N=N-double bond would produce a strong strain in the 
7-membered ring that ought to be formed from the 5-membered ring °°, so 
that its formation is impossible. 

The respective diazo esters formed by these two methods, and which exist 
only transitorily in solution, behave, for suitable substitution on the aryl 
group, i.e. such as an ortho-methyl group that can undergo coupling, and 
that would seem to make an intramolecular reaction possible, in charac- 
teristically different ways. Thus o-tolyl-diazo-acetate undergoes acyl mi- 
gration to form the more stable isomer, nitroso-acetyl-toluidide, which then 
undergoes a coupling reaction, with loss of the acetyl group and ring- 
closure, to form an indazole compound. It must therefore, as the following 
formulas show, and as was already concluded on the basis of its mode of 
formation, possess the anti-configuration : 


Hy, 
% CH, C CH; 
FN PAS es (ane O-COR 
ike Ee LL oe I 
POO as ee are Saeed LT heb 
Anti-form, undergoes intra- Syn-form, does not undergo 
molecular coupling intra-molecular coupling. 


The more labile syn-isomer does not undergo ring-closure, because the 
acyl group stands in the way. 

The isomerism of the azoxy-compounds ®! is again a case of stereo-iso- 
merism on the N=N-double bond ®: 


nats O C,H, O 
nv \y7 
|| and | 
N N 
\cH, C,H,” 
M. pt. 81° M. pt. 36° 


°° This Text, pp. 258 and 266. 

89 This Text, pp. 99 etc. 

1 A. REISSERT, Ber., 42 (1909) 1369; EUGEN MULLER, Ann., 493 (1932) 166; 495 
(1932) 132; K. v. AuwErs, ibid., 499 (1932) 123; K. A. GeHRcKENS and EuGEN 
MULLER, 1bid., 500 (1933) 2096. 

82 A, ANGELI, Atti Accad. Lincei (5), 22 I (1913) 201, 282. 
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The proof thereof could be carried out only by physical methods ®, but 


with complete certainty, by measurements on the dipole moments (Vol IT, 
Book III, Chapter XII). 


(v) STEREOCHEMISTRY OF NITROGEN, BORON, PHOSPHORUS, AND SULFUR 


As the application of the model of the C = C-double bond to the C = N- 
double bond shows, stereochemical considerations are necessary also for 
atoms of elements other than carbon. Here we shall mention briefly only 
those elements of greatest importance in organic chemistry ®, 

For the niirogen atom united to four different substituents, as we meet 
it in the derivatives of ammonium, NH;, the same rules hold as for the 
asymmetric carbon atom. Corresponding to this fact we find optically 
active ammonium salts. The first of these to be found active ® was the 
methyl-allyl-phenyl-benzyl-ammonium iodide, 


CH, 
| 
| 


/ 
C,H,—N—C,H, I 
L CaH; = __| 


discovered by WEDEKIND and resolved into its optical antipodes by Pope ®°, 
Even the simulation of the molecular asymmetry of the sfivanes, realized 
with a nitrogen atom acting as the N-spirane atom, has been achieved by 
the resolution of 4-phenyl-4’-carbethoxy-bis-piperidinium-1, t’-spirano-bro- 
mide ®: 


63 The unsymmetrical structure of the azoxy-compounds follows most certainly 
from the preparation of optically active forms of compounds of suitable structure ; 
EuGEN MULLER and R. ILLGEN, Amn., 521 (1935) 72; T. T. Cuu and C. S. MARVEL, 
J. Am. Chem. Soc., 55 (1933) 2841. For a summarized compilation see the monograph 
of EuGen] MULier, Die Azoxyverbindungen (The Azoxy-Compounds), Sammlung 
chem. u. chem.-technischer Vortrage (N.F.) No. 33, Stuttgart, 1936, Verlag F. Enke. 
See also K. A. GEHRCKENS and E. MULLER, Amn., 500 (1933) 296. 

64 Details will be found in G. Wirtic, Stereochemie, Leipzig, Akadem. Verlags- 
gesellschaft (1930). 

85 See however also the activation (by resolution) of methyl-ethyl-propyl-isobutyl- 
ammonium chloride, 

CHz | 
| 
C,H;—_N—C,H, Cl 
| | | 
C,H, =f 
by J. A. Le Ber, Compt. Rend., 112 (1891) 724; Ber., 33 (1900) 1003. 

66 W. J. Pope and S. J. PEacHEy, Compt. Rend., 129 (1899) 767; J. Chem. Soc., 
75 (1899) 1127; W. J. Pope and A. W. Harvey, Proc. Chem. Soc. London, 17 (1901) 
120; J. Chem. Soc., 79 (1901) 828. > 

67 W.H. Mittsand E. H. WarREN, J. Chem. Soc., 127 (1925) 2507. For geometrically 
isomeric ammonium compounds derived from piperidine, see W. H. Mrxts, J. D. 
PARKIN and W. J. V. Warp, tbid., (1927) 2613. 
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Optically active borospiranes, with the boron in the anion united to four 
substituents, have been obtained by BOESEKEN ®, 


i . i s 
| ne | 
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Borosalicylic acid 


Amine oxides and phosphine oxides containing three other substituents 
besides the oxygen, 


Ry Ry 
ps gare O and RSP > (Fs 
RY RY’ 


have been resolved into their optical antipodes by MEISENHEIMER ®°, 

On the other hand, it has not been possible as yet to obtain optically 
active compounds of trivalent nitrogen, of the type N a bc. Only when the 
nitrogen is built into a ring system in such a very special manner that it 
will prevent a “flipping over’ of the configuration can this element give rise 
to an optical activity in the trivalent state. This rare case holds for the 
so-called TROGER bases 7, 


N—CH, 


Vi 
aaa Nou, hele 


Aviat Sees 


CH,—N 


which have been resolved into their optical antipodes 74. From this fact 
we must conclude either that these three substituents lie in a plane, or that 
the spatial positions, even if they normally do have preferred configurations, 
are not stable over the periods of time required for the isolation of the 
compounds. Since, as will be shown later on (Vol. II, Book III, Chapter XII), 


88 J. BOESEKEN and J. MEULENHOFF, Proc. Akad. Wet. Amsterdam Wisk. Natk. 

ie 33 (1924) 23; compare also A, ROSENHEIM, Ber., 57 (1924) 1337, 1828. 
J. MEISENHEIMER, Ber., 41 (1908) 3966; 44 (1911) 356; Amn., 385 (IQII) 117; 

428 (1922) 252; 449 (1926) 101. 

5 saree 

yale TROGER, J. prakt. Chem. (2), 36 (1887) 277, - preparation from formalin and 
toluidine in alkaline solution. For the proof of the constitution see M. A. SPIELMANN, 
J. Am. Chem. Soc., 57 (1935) 583. 

} V. PRELOG and P. WIELAND, Helv. Chim. Acta, 27 (1944) 1127. 
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the physical properties of ammonia and of the amines, as well as the struc- 
tures of some nitrogen-containing polycyclic compounds, do indicate a 
three-dimensional or spatial arrangement of the substituents on the nitrogen 
as the normal one, we must assume with MEISENHEIMER ” that the failure 
to obtain, and impossibility of isolating, optical antipodes is due to the 
lability or instability of the normal or equilibrium positions. 

One might be inclined to find some relation between this lability and the 
presence of only three substituents. That however the number three is not 
alone the decisive factor is shown by the stereochemistry of the compounds 
of sulfur. Sulfur united to only three different substituent atoms does give 
rise to optical activity, as well as to diastereo-isomers when several such 
asymmetric sulfur atoms are present in a single molecule. This type of 
optical activity has been found in the sulfonium salts *: 


| HysCy~ sh | H3C._ ” 
S—CH,COOH | (PtCl) and S—CH,COOH | Br, 
L's H,C— 2 b= H,C~ eh 
as well as in the sulfoxides “. 
_C,H,COOH 
Oo<s 
SOT tla 


and in the sulfinic acids and their esters 7° corresponding in structure to 
the sulfoxides; 


7p—C7H, 
Oo<sS 


A naturally occurring optically active sulfoxide, sulforaphene, is also 
known. It is a urea derivative, 


[CH,-SO-(CH,),NH],C=O . 


Its optical antipodes have also been synthesized **. 
The stereo-isomerism to be expected, on the basis of the resolvability of the 


72 J. MEISENHEIMER, Ber., 57 (1924) 1747; compare also in this connection D. M. 
DENNISON and G. E. UHLENBECK, Phys. Rev. (2), 41 (1932) 313; Wah. Mats, ]. 
Chem. Soc., (1943) 194. 

73 W. J. Pope, J. Chem. Soc., 77 (1900) 1072. = 

74 J, Kenyon, H. Puiriips and coworkers, J. Chem, Soc., 127 (1925) 2552; ibid., 
(1926) 2097; (1927) 188; (1928) 3000. 

75 G. M. Bennett and F. BELL, J. Chem. Soc., (1927) 1798; (1928) 86, 3189. See also 
the case of the tri-thioformaldehydes of O. H1nspere, J. prakt. Chem. (2), 85 (1912) 
337; 89 (1914) 547; F. BELL and G. M. Bennett, J. Chem. Soc., (1929) 15; G. M 
BENNETT and F. S. STaTHAM, ibid., (1931) 1684; G. M. BENNETT and W. B. WADDING- 
TON, ibid., (1931) 1692. 

76 H. Scumip and P. Karrer, Helv. Chim. Acta, 31 (1948) 1497. 
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sulfoxides in compounds with two S—» O-groups has been found by FRIES 
and Voct ‘7 in the case of the disulfoxides: 


" CH " " CH,—CH 
: ey Aer ay and S ib y S 
NcH,—cH,4 Ncu,—cH, I 
cis-Diethylene-disulfoxide tvans-Diethylene-disulfoxide. 


It is quite likely that the case of the isomerism of the disulfoxide of 
thianthrene, 
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which could formerly not be satisfactorily interpreted, is also a case of 
this type 7”. 

Almost all stereo-isomeric sulfur compounds exhibit a remarkable sta- 
bility, whence the spatial arrangement of the three substituents in this 
case must be approximately as stable as that of the four substituents of 
the carbon atom. Attempts have been made to “explain” this stability by 
a positive charge on the sulfur atom, which might be predictable on the 
basis of the electron theory of valence. This positive charge was then 
presumed to have the same effect as a fourth substituent. No predictions 
can be made or information given in what manner, however, such a space- 
arrangement stabilizing effect would be brought about, so that such an 
“explanation” brings us in no wise nearer to an understanding of the 
phenomenon, It is more correct to look upon the single electron pair on the 
sulfur, meres 

R, ee 2 
as a sort of fourth substituent which prevents the inversion of the pyram- 
idal form of arrangement of the substituent groups. In this hypothesis 
too, however, we are still faced by the difference in behavior with respect 
to the amines with three different substituents, as these also possess a lone 
electron pair on the central atom, are of pyramidal structure (Compare 
Vol. II, Book III, Chapter XII), and yet do not or cannot exist as stable, 
enantiomorphic forms (See p. 86) 


” K. Fries and W. Voar, Ber., 44 (1911) 756. 
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The carrying over of the concept of the atomic model to other atoms 
than the carbon atom thus leads us to a by no means satisfying result. 
For if we wish quite generally, and for the sulfur compounds as well, to 
ascribe optical activity to a spatial anisotropism of the molecule, we must 
assume a somewhat configurationally-stable atomic model in the cases of 
carbon, ammonium and amine oxide nitrogen, as well as sulfur, but on the 
other hand, a labile atomic model for trivalent nitrogen. We are then using 
atomic models without being able in any way to read from them with 
sufficient certainty any information as to the stability of the preferred con- 
figurations or spatial positions. The value of the atomic model seems to be 
considerably reduced thereby. For if under certain circumstances the atoms 
do exhibit a quite small stability in their configurations, we no longer have 
any justification for the assumption that the interaction of the substituents 
is of negligible importance for their mutual relative positions, or that the 
spatial positions of neighboring atoms are determined primarily by the 
symmetry conditions represented by the atomic model (See p. 57). 

We may find further support for this point of view if we raise the question 
of the stability of the stereo-isomeric compounds, and when we find by 
experiment that a large number of optically active substances pass over 
more or less easily into the inactive substances, that is, they can be racemized. 
This racemization takes place with measurable velocity of its own accord, 
i.e. it isa self or auto-racemization, partly already at ordinary, more fre- 
quently at somewhat higher temperatures. Other substances on the other 
hand require for racemization more or less energetically acting reagents. 
In contrast to the easily racemizable substances, there are, however, also 
a quite considerable number of compounds which can not be racemized 
at all, as well as of substances containing several centers of asymmetry, but 
which can be racemized at only some of these centers. 

Examples of easily racemizable substances are: 


H H Fi 


a vee rags 
CH,—C—COOH CH,-C—COOH C,H;,—-C—COOH 
“OH NH, El 
Lactic acid Alanine Phenyl-chloro-acetic acid. 


More difficultly racemizable is for example the amyl alcohol, sec.-butyl 


carbinol, C.H H 
* \é4cH,0H 
PZ 2 
CH; 


which can not be racemized as such but only as the sodium amylate. In 
this case the racemization requires several hours at 200° C, and is accom- 
panied by simultaneous side reactions (Compare This Text, p. 511). 
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Not racemizable are for example optically active saturated hydro- 
carbons, as well as coniine and camphor ’: 


C 
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Pas 4 H,C | CH, 
CH, 
ity fei HyC-C—cH, 
e ; H,-CH 
5 cette apace, gCHy HC daly 
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Coniine Camphor. 


Partial racemization on only one center of asymmetry, while the second 
is unaffected, is illustrated by: 
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Camphoric acid, racemized only Menthone, racemized only on 
on the upper carbon atom the lower carbon atom. 


The simplest assumption for the mechanism of racemization and the 
rearrangement of stereo-isomeric compounds would be this: that the substi- 
tuents “flip over” from the one position into the other, just as in the way 
MEISENHEIMER postulated 79 for the substituents on trivalent nitrogen. This 
hypothesis is however unable to explain in particular the absolute stabilities 
of certain compounds, or even to relate them in any way to their constitu- 
tions. Furthermore, it fails to take into any.account whatever those influences 
which in the racemizable compounds produce racemization. On the basis 
of comprehensive experimental etc. material, it is now possible to pick 
out the constitutive peculiarities of the racemizable compounds; and these, 
as well as the conditions under which racemization occurs, make it seem 
very probable that if a ‘flipping over’, or “jumping about”’, of the sub- 
stituents occurs at all, it does so only in the very rarest cases. The details 


*® K. Hess, Ber., 53 (1920) 126. 
9 J. MEISENHEIMER, Ber., 57 (1924) 1747. 
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of this matter will be discussed more fully in the chapter dealing with the 
limits of the applicability of the methods used for determining the configu- 
rations of compounds (Chapter VII). 

The stability of optically active compounds can accordingly, at least in 
the case of carbon, not be used without further consideration to answer 
the question whether an atomic model is or is not justifiable. For this reason 
it is necessary to find some other method to decide this fundamental question, 
which can also be phrased briefly as follows: ‘‘Are there, or are there not, 
directed valences?’’ For, as already stated, it is impossible on the basis of 
classical physics to find any physical explanation for an atomic model in 
which “directed valences’’ find expression. The experimental testing of all 
the consequences that follow from the special model of VAN ’T Horr, the 
regular tetrahedron, seems to be a possible and given path to follow. 
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The regular tetrahedron, when used as an atomic model, means that the 
regular tetrahedral positions are the normal ones, as the positions of mini- 
mum energy about a carbon atom, for the atoms in chemical union there- 
with. The mutual interactions of the substituents one upon the other, as a 
result of which deviations from these tetrahedral positions may result, 
will be assumed to be in general of small significance for the tetrahedral 
positions, and they will, since they can not, at least at present, be theoreti- 
cally estimated, be neglected in our first approximations. These normal posi- 
tions need not be absolutely rigid ones, but will be looked upon rather as 
positions of equilibrium, from which the atoms may depart within certain 
limits, though not arbitrarily far, for if so, optical antipodes could not be 
stable substances. If we thus interpret these “rigid positions’ as merely 
average or equilibrium positions, we at the same time admit the possibility 
that positions other than the regular tetrahedral ones may also occur. 
Since however, every deviation from an equilibrium position requires the 
application of energy, this fact must be made evident, in the case of those 
compounds in which some deviation from the tetrahedral position is forced 
by circumstance, by an increase in the free-energy content of the substance. 
Such molecules, which have models that can not be built up from undistorted 
tetrahedra, are found among the cyclic compounds. In the mechanical 
models used for the visual representation of the molecules, a tension or 
strain appears when an attempt is made to build up certain types of ring- 
systems out of the regular tetrahedra. This strain is due to the mechanical 

80 Compare in this connection W. HtcKet, The Present Status of the Strain Theory, 


in Fortschvritte der Chemie, Physik und physikalischen Chemie, edited by A. Eucken, 
Vol. 19 (1927) No. 4 (Gebriider Borntrager). 
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energy which must be applied in order to produce the distortion of the 
tetrahedra necessary to fit them into the model. For this reason the theory 
which deals with the relationship between the symmetry of the carbon atom 
and the free energy content of the molecules is known as the Strain Theory, 
even though it can be put into a form independent of the particular mechan- 
ical model used. This theory was first proposed by VON BAEYER ®! and 
can be formulated, in a slightly modified form, as follows: 

Of all the different possible positions of the neighboring carbon atoms, the 
regular tetrahedral-symmetric position 1s, as the energetically most preferred, 
the most stable. Deviations from this position produce an increase in energy- 
content, which 1s expressed by the term “‘tension”’ or “‘strain’’. 

An exact testing of this assertion, as a result of which the regular tetra- 
hedron appears for the first time as a true building block of the molecule, 
is only possible by a determination of the energy-content, that is, by a physical 
method. The unit used for the energy-content is the heat of combustion. 
The use of this heat of combustion to answer the question whether a strain 
in the molecule really corresponds to an increased energy-content is possible 
because of the fact that, in the case of chain-formed structural isomers with 
the same or like state of bonding of the atoms, the heats of combustion 
are nearly the same, and increase, in a homologous series, by the same 
amount of 156-158 Calories per CH,-unit (see Chapter XI). Thus the heats 
of combustion of butane and 7so-butane *? differ by only 1.63 Cal., those of 
the isomeric heptanes ** by 2 Cal. per mole at the most 8%, Nevertheless, 
however, we do have exceptions; —thus the difference between n-pentane 
and tetramethylmethane is 5 Cal. This is however by far the greatest differ- 
ence that has as yet definitely been found in the case of the isomeric acyclic 
hydrocarbons 84 85, 86, 87, 


8 A. von BaEYER, Ber., 18 (1885) 2277. 

82 F. D. Rossini, J. Research Natl. Bur. Standards, 15 (1935) 367; Chem. Zentr., 
1936, I, 2061. 

83 G. EpGar and G. CALINGAERT, J. Am. Chem. Soc., 51 (1929) 1540; compare also 
H. M. Hurray, G. S. Parks and S. B. Tuomas, ibid., 52 (1930) 3241. The difference 
of 4.5 Cal. cited by K. Fayans (Z. physik. Chem., 99 (1921) 402) between the heats of 
combustion of »-pentane and iso-pentane is not really that great. According to a private 
communication from Professor W. A. Rortn, thé preparations used for the combustion 
at that time were not quite certainly pure and free of objection. 

tie F. D, Rosstnt and J. W. Knowiron (J. Chem. Phys., 6 (1938) 168) report the 
difference as 4.68 Cal. At constant pressure the heats of combustion are as follows: — 
n-pentane*® 845.6 Cal. at 20°C; iso-pentane®s, 843.5 Cal.at 20°C; tetramethyl-methane$? 
840.6 Cal. at 25°C. 
°° F.D.Rossint, J. Research Natl. Bur. Standards, 12 (1934) 746;as recalculated Mra, 
iy W. A. Rot and H. Pautke, Z, angew. Chem., 49 (1936) 618. 
8’ F. D. Rossini and J. W. Knowtton, J. Chem. Phys., © (1938) 168; Phys. Rev. 


(2), 53 (1938) 946. This value was recalculated for Cal. from the value of 6 
kj by use of the factor 4.1833. “ave Le cia oie 
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To the extent that considerably greater differences than 3 Cal. have 
been established in a comparison of cyclic and acyclic compounds, it will 
be permissible to ascribe these to a strain responsible therefor. Small strains, 
i.e. those that amount to less than 4 Cal. per mole, can be recognized as 
such, however, only when for the given case it is possible to evaluate approxi- 
mately the effects of more distant atoms upon one another, a thing that will 
usually not be possible. 

The application of the strain theory to monocyclic compounds yields 
complete agreement between the theory and the experimental data. While 
it is true that, to some extent, the measured values for the heats of com- 
bustion are somewhat inaccurate, nevertheless the regularity of the corre- 
lation for the course of the model strains with the incremental heats of 
combustion is quite evident. 

The models, as built up out of regular tetrahedra, of the simplest cyclic 
hydrocarbons, the cycloparaffins or polymethylenes, (CH,),, exhibit a 
considerable strain for the three- and the four-membered rings, but almost 
no strain for the five-membered ring, while the higher-membered rings are 
strain-free. It can be shown *§ that the least strained models of the poly- 
methylenes, up to the five-membered ring, contain all their carbon atoms 
in a single plane, while the strainless rings with six or seven or more carbon 
atoms possess a three-dimensional or spatial structure. As measures of the 
strains in the mechanical models, we may take the deviations from the 
positions of tetrahedral symmetry, that is, the deviations of the valence 
bonds of the tetrahedral models from their normal positions, in which 
they form angles of 109°28’, if we assume that in the models we always 
have the same normal distance as given by the lengths of two valences, 
i.e. 2 r. Thus for the three-membered ring we have: 
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Fig. 15 


The total valency-deviation is then 
; POP ETOG 28 == COM 4g eB Oe 
3  (109°28’ — 60°) = 3-(49°28’) =148°24'; or < ea 24°44 


= 








for a single valence. 
If we compare the values thus obtained, which yield measures of the 


88 H{. SacusE, Z. physik. Chem., 10 '1892) 203. 
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deviations of the atoms from their equilibrium positions, with the heats 
of combustion, we obtain the picture given in Table 2. 


TABLE 2 
HEATS OF COMBUSTION 








Number of members (or 3 4 5 6 f) 8 
links) of ring = x | 








Molecular heat of com- 
bustion for (CH,)x 


(liquid). | 786.6 936.5 1099.1 | 1258.4 
Molar heat of combustion ®° 
for (CH,)x gaseous 505.5 655.8 793.6 944.5 1108.0 | 1268.8 


Heat of combustion for 
CH, at 25°C, constant 
volume 168.5 164.0 158.7 157.4 158.3 158.6 

Valence bond deviation 24°44’ 9°44’ 0°44’ = ye Ue 





























As was to be expected from the theory, the valence-angle deviations and 
the heats of combustion show a parallel course; in the unstrained rings the 


Heat of combustion per CH, unit. 
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Fig. 16 
Abscissa: Single valence-angle deviation 
Ordinate: Heat of combustion per CH,-unit. 


value of the heat of combustion for a single CH,-group is the same as that 
in an open chain ®, ie. 157-159 Cal. 


%° (a) The heat of combustion for (CH); is based on a very old, certainly inaccurate, 
measurement; the other data are very accurate: R. Spitzer and H. M. HurrMan, 
J. Am. Chem. Soc., 69 (1947) 211. C5Hy (liquid) 786.54; C,H,, (liquid) 936.88, E. Js 
JoHNsON, E. J. PRosen, and F. D. Rossintq, J. Research Natl. Bur. Standards, 36 
(1946) 463. Cyclohexane = CsHy2, 934.96 at constant pressure = 936. 5 as corrected 
for constant volume, G. E. Moors, M. L. ReEngutst, and G. S. PARKS, J. Am. Chem. 
ited ea ee (b) 003 for CyHg, (+ 0.16 Cal.), J. Coops and Sj. KAARSEMAKER, 

ec. tyav. Chim., 69 (1950) 1364. For the preparation o 1 71 ; 
pene She pie Sere pee f C,H in good yields, see J. Cason 

a: For a discussion of earlier sometimes erroneously given interpretations of these 
experimental results, see W. Hicket, Ber., 53 (1920) 1277. 
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The heats of combustion of higher-membered rings, such as those found by 
Ruzicka *!% in naturally-occurring substances such as muscone and civetone, 
or those which he synthesized with up to 30 ring carbon atoms in the 
ring, are, so far as they have been determined %, quite normal: i.e. they 
average 157-158 Cal. per CH,-group. 

The exact measurements we have available today leave no room for 
doubt that the minimum of potential energy is to be found in the six- 
membered ring. The only slightly higher values found for the five-membered 
ring and the higher-membered rings can not justifiably, however, without 
further consideration, be ascribed to a strain due to a deviation of the 
tetrahedral valences as in the case of the three- and four-membered rings, 
for in its simple form the strain theory does not take into account the inter- 
action of the substituents attached to the carbon atom but otherwise not 
directly chemically united, and which in the simplest cases here considered 
are hydrogen atoms. Today, as a result of most accurate measurements 
of their specific heats, infrared and Raman frequencies (See Vol. II, Chapter 
XIII), which give such good information as to the vibrational motions of 
the atoms, we are well informed about their interactions. 

Electron-diffraction photographs on gaseous substances today in a number 
of cases enable us to obtain a more precise picture of the positions of the 
atoms in a substance than is possible on the basis of model-considerations 
alone. The results of these more recent investigations will, without entering 
into the principles of the method, be combined in what follows with the 
results derived from classical considerations. With reference to the last- 
mentioned problem of the mechanical reaction of strain on the hydrogen 
atoms attached to the same carbon atom, it may be said that such electron- 
diffraction experiments on cyclopropane have indicated a spreading of the 
valences H—C—H in the methylene groups to an angle of 118.2 + 0.2° %. 

In general it is questionable whether, and how, in the case of ethane for 


2 TL. Ruzicka, Helv. Chim. Acta, 9 (1926) 230; L. Ruzicka, M. Storr and H. 
ScuInz, ibid., 9 (1926) 249; L. Ruzicka and W. BruGGER, ibid., 9 (1926) 339. Another, 
much more satisfactory method of synthesis was subsequently discovered by K. 
ZIEGLER; K. ZIEGLER, H. EBERLE and H. OHLINGER, Ann., 504 (1933) 94- 

For a discussion and description of the synthesis of multimembered cyclic ketone 
rings, see V. PRELoG and coworkers, Helv. Chim. Acta, 30 (1947) 1741; M. STOLL and 
coworkers, ibid., 30 (1947) 1393, 1401, 1815, 1837, 2019. See also A. T. BLomguist, 
R. W. Hottey, and R. D. Spencer, J. Am. Chem. Soc., 70 (1948) 30, 34, 36. For the 
melting points of the cycloparaffins see L. Ruzicka, ibid., 29 (1946) TOIT. For multi- 
membered rings in bicyclenes, see V. PRELOG, ibid., 29 (1946) 1452, 1920. 

%2 For a comprehensive review of more recent work on polymembered rings, see 
V. Pretoe, J. chem. Soc., (1950) 420. 

9% T. Ruzicka and P. ScHLApreR, Helv. Chim. Acta, 16 (1933) 162. For cyclodecane 
see W. HtckEL, A. GERCKE and A. Gross, Ber., 66 (1933) 563. 

94 CQ. BASTIANSEN and O. HassEL, Tidskr. Kjem., Bergves., Met., © (1947) 71- 
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example, the hydrogen atoms on neighboring carbon atoms do seek to 
get out of each other’s way. 

In general it has been found that the hydrogen atoms attached to neigh- 
boring carbon atoms do seek somehow to get out of each other’s way, so 
that, in the case of ethane, for example, not all of the positions possible 
by the principle of free rotation are equally frequent. On the contrary, the 
position in which they are arranged ‘“‘gap on gap tooth” to intermesh 
together (i.e. inverse positions of the tetrahedra, see Fig. 21, p. 125) is 
energetically favored (See p. 126), so that the hydrogen atoms carry out their 
oscillations about this position. These oscillations only relatively seldom 
take them beyond the positions in which the respective hydrogen atoms 
in the two parts of the molecule are relatively in superposition (i.e. enantio- 
morphic positions of the tetrahedra, see Fig. 21, p. 125). The energy necessary 
for this amounts to about 3 Cal. per mole. (It should be noted, however, that 
this is not always necessarily true and that EucKEN and his students, 
especially K. SCHAFER, assume just the other configuration to be the stable 
one for the case of ethane.) For this reason the rigid cyclopentane, in 
the model of which hydrogen atoms lie above hydrogen atoms on two 
adjacent carbon atoms, is energetically somewhat at a disadvantage with 
respect to cyclohexane, in which, as will be shown below (See p. 104) the 
hydrogen atoms can move out of each other’s way, and indeed even 
better in one of the possible forms than in the case of the higher-membered 
rings. Due to the repulsive effect of the hydrogen atoms in the molecule of 
cyclopentane, oscillations of the ring carbon atoms are set up such that one 
atom of the ring after the other is successively driven somewhat out of the 
plane of the ring, resulting thereby in a slight ring-strain %, 

Both of these effects produce a slight increase in the potential energy 
content of cyclopentane relative to cyclohexane. In the case of the higher- 
membered rings, essentially only the mutual perturbative interference of 
the hydrogen atoms exerts an effect in the same direction. 

Nothing of a quantitative nature is known as to the influence of atoms, 
or groups of atoms, that replace hydrogen atoms, on the energy-content of 
the simple cyclic compounds. In the case of the substituted cyclopropanes 
and butanes, the heats of combustion of which have been determined 9%, 
we are dealing with compounds of too highly complex a structure, with 
undoubtedly considerable interaction of the substituents on one another. 

* K.S. Pitzer, Science, to1 (1945) 672. Compare also J. G. Aston, S. C. SCHUMANN 
FigeL: Fink, and P. M. Dotuy, J. Am. Chem. Soc., 63 (1941) 2029. Also Ja By Kin- 
PATRICK, K. S, Pitzer, and R. Spitzer, ibid., 69 (1947) 2483. For measurements on the 
electron-diffraction of cyclopentane: O, HassEL and H. VIERVOLL, Tids. Kjemi, 


Bergvesen, Met., 3 (1943) 31; planar structure, C—C = 1.54, C—H = 1.09 A. 
°° W. A. Roru and G, J. Ostia, Ber., 46 (1913) 309. 
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In the case of the cyclopentane and cyclohexane derivatives 97, no effect of 
structure on the heats of combustion, beyond that already observed for 
structural isomerism in open chains, has as yet been observed. Nevertheless, 
it does seem that the sometimes quite considerable differences in the stabili- 
ties of the three- and the four-membered rings do depend on the nature of 
the substitution, and it should be pointed out that here special circumstances, 
which can not be illustrated by means of the model as built up out of regular 
tetrahedra, do play a réle **. Attempts have been made to derive proofs for 
changes in the tetrahedral angle from comparisons of the reaction velocities, 
but in view of the still rather incomplete knowledge of the relationships 
between constitution and reaction velocity it is necessary to maintain 
considerable hesitancy and a very critical caution with respect to these 
proofs %*. (For further details see Vol. II, Book IV). 

The great ease with which one may be led astray in the case of conclu- 
sions based on reaction velocities alone is illustrated by BAEYER’s attempt 1 
to base conclusions as to the strain in cyclic molecules on the ease of ring- 
formation 1°, Since seven- and more-membered rings are formed from the 
open chain aliphatic compounds only in low yields, BAEYER believed that he 
must assume the presence in these rings of a considerable strain, and thus 
concluded that in these rings he could abandon the strict validity of the 
hypothesis of the regular tetrahedron, which would have led to strain-free 
three dimensional space-models, and assume instead a planar structure 
with more or less highly distorted tetrahedral carbon atoms. The heat of 
combustion of cycloheptane is found, however, to be normal (for 7 CH,- 
groups), and hence alone refutes the BAEYER conception. As to the factors 
which determine the velocity of ring-formation, more will be said in connec- 
tion with the relationships between molecular form and the velocity of 
reaction, as discussed in Vol II, Book III, Chapter XX. 


7 See also the papers by P. E. VERKADE, Amn., 467 (1928) 217; 477 (1930) 279, 289. 
Cyclohexane has a heat of combustion smaller by 3.9 Cal. than that of methylcyclo- 
pentane,—G. E. Moore and G. S. Parks, J. Am. Chem. Soc., 61 (1939) 2008. 

9 A Wrinpaus and W. HtcKer, Die Anwendung dey Spannungstheorie auf das 
Ringsystem des Cholestevins (The Application of the Strain-Theory to the Ring-System 
of Cholesterol), Nachr. Ges. Wissenschaften Gottingen, (1921) 43. 

%® This is especially true of all the work of the English schoolof THORPE and INGOLD. 
For further details see the paper The Present Status of the Strain Theory by the author 
of this book. Even the papers of the above authors that have appeared since 1927 
must be viewed with the same critical reserve. See furthermore This Text, pp. 103, 124 
and Vol. II, Book IV, Chapter XX. 

100 A. vy, BAEYER, Ber., 18 (1885) 2277. 

101 The most recent and carefully carried out investigations on the ease of ring 
formation were performed by K. ZIEGLER and H. AURNHAMMER, Ann., 513 (1934) 43; 
K. ZIEGLER and W. HECHELHAMMER, ibid., 528 (1937) 114. Compare furthermore In 
this connection, M. Srottand coworkers, Helv. Chim. Acta, 17 (1934) 1289; 18 (1935) 1087. 
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While it is therefore not yet possible to acquire any insight into the 
effects of substituents on ring strain, there is offered, nevertheless, another 
direction in which a more accurate testing of the strain theory can be 
carried out than is possible by a comparison of the simple polymethylenes, 
in which only the coarse differences between the three-, four-, and five- 
membered rings appear. For in bicyclic compounds, we have, asaconsider- 
ation of the models shows, very much finer gradations of strain, and it is 
now only necessary to recognize how great the strain must be in order that 
it may make itself felt in the value of the heat of combustion. 

First of all, however, we must investigate whether the bicyclic compounds 
which can be constructed by use of the models do really exist, and whether 
their heats of combustion are normal. A list of such completely strain-free 
models has been compiled by Mour !°?; five representatives, the constitutions 
of which have been definitely established, are known; namely, cis- and 
trans-decahydronaphthalene (cis- and ¢vans-decalin), bi-cyclo-nonane, bi- 
cyclo-octane, as well as the tetracyclic adamantane: 








Hy, Hy H, H, 
Cc C C C 
nO Lee Rr ee 
dial C--H CH, H,C C.-H CH, 
| | | | 
H,C C-H CH, H,C H—C CH, 
ING SCs er ae eal 
Hom | Kis is PS 
cis-Decalin 1% trans-Decalin 
Ns | 
eran 
fc chee anelts Lem & jeanne bed 
| stair ee CH CH. == GH 
eee cH. CH | CH, "| 
Sie CH,—CH—CH, CH= CHS OR! 
H 
Bicyclooctane 14 Bicyclononane 15 Adamantane 16 107, 


102 E. Monr, J. prakt. Chem. [2], 98 (1918) 322. 
103 y ry ‘4 
tee ee Amn., 441 (1925) 1; 451 (1926) 109; Ber., 58 (1925) 1449. 
ie e LDER and G, STEIN, Amn., 514 (1934) 13; G. Komppa, Ber., 68 (1935) 1268, 
2. Kor a new synthesis see R. SEKA and O. Tramposcu, Ber., 75 (1942) 1379. For 
derivatives, see G. Komppa, Ber., 36 (1903) 3610; O. Diets and K. ALDER Ann 
dee A988) 98; 478 (1930) 137. [1, 2, 3|-Bicyclo-octane is practically strain-freeg 
see ike sy ch Ann., 521 (1936) 227. [1, 2, 3|-Bicyclo-octanone was 
é rom hexahydrohomoisophthali id; G. Ke ‘ 
acer p ic acid; G. Komppa and T. Hirn, Ber., 30 
08 H. MEERWEIN, Ann., 398 (191 a5 
"HH EIN, « + 3) 196; J. prakt. Chem. (2). 1 2 y 
derivatives of bicyclononane see P. Rape and K. eee, ae — o ; a 
W. ScCHULER, Ber., 76 (1943) 987. ~ 943) a 


106 
: So named because the carbon skeleton of this hydrocarbon can be conceived as 
cut out of the space-lattice of the diamond (adamant =hard) (See p. 114), just as of 


104 
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Both cis- and trans-decahydronaphthalene were discovered as the result 
of a prediction by Mour, which stood in opposition to a long and quite 
generally prevailing opinion ;—the conception of the planar-structure of the 
cycloparaffins, and especially of cyclohexane, and according to which there 
should be either no decahydronaphthalene whatever, or only an unstable 
trans-decalin. 

The heats of combustion are known only for the cis- and the trans- 
decalin, as well as for the B-decalones, 

th 
os DIL ed tye oe 
He cH diy, 
Ne \c7 
Hy, H, 
derived therefrom. As these substances have been prepared by several 
methods, the average values found may be taken as quite certainly cor- 
rect 8. The configurations czs- and trans- have been definitely established, 
free of any objections, on the basis of proofs of the absolute configurations 
of the substances 1°, The mean values of several samples were: 


cis-Decalin 1499.9 Cal. per mole. 
trans-Decalin 1497.1 Cal. per mole, at constant volume 1°. 
Difference 2.8 Cal. per mole. 


cis-8-Decalone 1402.3 Cal. per mole. 
trans-8-Decalone 1400.1 Cal. per mole, at constant volume. 
Difference 2.2 Cal. per mole. 


course, furthermore, can be the lattices of tvans-decahydronaphthalene and of bicyclo- 
nonane. Adamantane can be obtained synthetically from derivatives of bi-cyclo- 
nonane,—V. PRELOG and R. SEIWwERTH, Ber., 74 (1941) 1644, 1769. It also occurs in 
nature as a naphthene,—S. Lanpa and V. MacHAcek, Collection Czech Chem. Com- 
muns., 5 (1933) I; also R. LuKeS, compare Ber., 74 (1941) 1644, footnote 3. 

107 The chemically derived structure is verified by crystal-structure determinations 
by means of X-ray-interference patterns:- W. Nowackt, Helv. Chim. Acta, 28 (1945) 
1231; G. GracoMELLO and G. ILLUMINATI, Ricerca Sci., 15 (1945) 559. Electron- 
diffraction measurements on gaseous adamantane have been made by W. Nowack1 
and K. W. HEepBERG, — J. Am. Chem. Soc., 70 (1948) 1497. The interatomic distance 
C—C was found to be 1.54 A, both in the crystal and in the gaseous state, and is equal, 
within experimental error, to that in the diamond. Compare also Vol. II, Chapter XV. 

108 Wy. A. Rotu and R. Lass&, Aun., 441 (1925) 48. Compare also Ann., 451 (1926) 
117, 131; 533 (1937) 25. 

109 W, Hicker and H. FRIEDRICH, Amn., 451 (1926) 132. 

110 Almost exactly the same values were found by G. F. Davies and E.C. GILBERT, 
J. Am. Chem. Soc., 63 (1941) 1585. This is true of the trans-decalin substance obtained 
from technical decalin. Decalin prepared from oxygen-containing derivatives showed 
smaller values for the heat of combustion, probably because of a small contamination 
by oxygen-containing derivatives which could not be removed in spite of very careful 


purification. 
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The differences in the heats of combustion of the stereo-isomers are small 
but marked, especially in the case of the hydrocarbons. It is however 
possible that the force-effects of more distant atoms may also find expression 
in the energy-contents, and that these are somewhat different in the hydro- 
carbons than they are in the ketones. These values do not justify us in 
assuming any great strain in the czs-decalin, which would also not be under- 
standable from the standpoint of the models. 

Among the incompletely strain-free, but nevertheless low-strain bicyclic 
systems, the ring system of hydrindane, in which we have a combination of 
a six- and a five-membered ring, has been most carefully investigated. Here 
too a cis-trans-isomerism is possible, though in this case, contrary to that 
of the stereo-isomeric decalin, the isomers do differ with respect to 
their strains. The model of the czs-form is practically strainless, for it 
exhibits only the energetically insignificant strain of the cyclopentane ring; 
that of the trans-form is markedly, though also not very strongly, strained. 
The stereo-isomeric hydrocarbons, as well as a number of derivatives 
thereof, are known. 

The heats of combustion of the czs- and of the ¢vans-hydrindane are 
practically the same, though it seems that the c7/s-hydrindane does have a 
slightly greater potential energy-content "1, 

The difference between the czs- and tvans-B-hydrindanones 1” is in the 
same sense, but of somewhat larger magnitude: 


7 CH, 





CH, 
Pa Fa ne 
ft a 0 cae x 
\ kon ae ee al 


cis-8-Hydrindanone: 1245 Cal. per mole trans-8-Hydrindanone, 1243 Cal. per mole. 


The configurations have been definitely established on the basis of the 
resolution of the trvans-ketone and the non-resolvability of the c7s-ketone. 
Since the energy difference is likewise of somewhat the same magnitude 
as in the case of the 8-decalones (though the absolute value is of course not 


“11 The difference in the heat of combustion of about one Calorie as established by 
Ww. A. Rotu and G. BEcKER, as well as independently of these by Havekoss, lies 
since the samples had to be burned by the so-called "protective method”’, close to the 
limits of accuracy of the method. The differences relative to the next higher cyclic 
ring homologs, cis- and trans-decalin, are remarkably small. See the papers by W 
HtckeE1, M. Sacus, J. YANTSCHULEWITSCH and F, NERDEL, Ann., 518 (1935) 157; 
and the original data in Ann., 533 (1937) 25, 28. e 

412 These values were determined by W. A. Rory and F. MULier, and are found 
cited by W. HtckeEt and H. FRIEDRICH, Ann., 451 (1926)160; also M. Sacus, Disser- 
lation, Gottingen (1928), 
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quite as certain as in that case, the direction can no doubt be recognized) 
the relatively small strain in the molecule of trans-8-hydrindanone, relative 
to the differences in the effects of the more distant atoms present in rings 
linked together in the cis- and the trans-positions, does not find expression 
in the values of the heats of combustion. 

For the case of more strongly strained bicyclic systems some data are 
available on the heat of combustion of camphor. Camphor, a compound 
with a bridge-ring system, has the following structure: 


a 
ye 
H,Co CH, 
ee CCF, | 
HC: 3G—O 
ae . 
CH, 


Fig. 17. Camphor. 


As the formula shows, camphor contains two asymmetric carbon atoms, 
and should therefore exist in four optically active forms, two pairs of anti- 
podes. Only two, however, are known, and these are optical antipodes. The 
general theory of the asymmetric carbon atom for the calculation of the 
number of isomers therefore fails in this case. Making use of the regular 
tetrahedron as an atom model along with the strain theory, we can, however, 
as BREDT™ has shown, easily understand this fact. The >C (CH,), “‘bridge”’ 
can be attached to, or thrown across, the 1,4 carbon atom system of the 
cyclohexane ring in a c/s-position with only a moderate distortion of the 
tetrahedra. The model so obtained for czs-camphor is moderately strained, 
but considerably more so than is that of the tvans-hydrindane. If, on the 
other hand, we attempt to attach the bridge in the /vans-position, we can 
succeed only if we give up entirely the tetrahedral model; the strain is 
extremely great. In agreement with this prediction of the theory, no 
trans-camphor is known. Here we have an example of how under certain 
circumstances a consideration of the models must be added to the applica- 
tion of the theory of the asymmetric carbon atom in order to explain the 
number of isomers actually observed. 


18 J, Brept, Wiillner Festschrift, (1905). 
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The moderate strain in cis-camphor finds definite expression in the values 


of the heat of combustion 14; for with a value of 1410.7 Cal. per mole it is 
about 9 Cal. higher than that of the strain-free decalones,—that 1s greater 


by an amount far greater than the differences otherwise observed in the 


case of structural isomers. . ; 
Almost exactly the same strain as shown by cis-camphor is also shown 


by the model of a bi-cyclo-octane in which the two five-membered rings are 
linked together in the ¢rans-position ; on the other hand the model of the 


cis-form is practically strainless: 


H, Hy, @ oh 
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These two hydrocarbons were prepared as well as burned by BARRETT 
and LINSTEAD 5: the trans-form has a heat of combustion about 6 Cal. 
greater than does the cis-form. In the case of the czs- and trvans-isomeric 
forms of the 6-ketones the difference is, within the limits of error, just as 
great, 6.8 Cal. While the agreement of these values with those for camphor 
is not quite exact, it is nevertheless good enough so that it may be considered 
as a confirmation of the strain theory. In comparing these numbers we 
must remember for one thing that camphor probably really has a smaller 
heat of vaporization than does a bi-cyclo-octanone, and furthermore, that 
the effects of more distant atoms in the semi-spherically built molecule 
of camphor will be different from those in the more plane-like structures 
of bi-cyclooctanone and -decalone. 

Still more free of objection, and more clear and convincing than the 
comparison of a condensed system with a bridge-ring system, are compari- - 
sons of strained and unstrained bridge-rings with one another. On the basis | 
of quite comprehensive and diverse data, ALDER and STEIN U6 have cal- 
culated a value of about 6 Cal. for the strain in the system bi-cycloheptane 
(1-2-2). This value is obtained most simply from a comparison of the strained 
2,5-endo-methylene-cyclopentanone (or nor-camphor) and the strainless- 
2,5-endo-ethylene-cyclopentanone (bicyclooctanone) 


M4 W. A. Roru and G, J. Ostiina, Ber., 46 ( 

“18 J. W. Barrett and R. P. Linsteap, vj 

“6 K, ALDER and G, Stem, Ber., 67 (1934) 
67 (1934) 627. 


1913) 313. 
- Chem, Soc. (1935) 436, 612. 
613; G. BECKER and W. A. Rotn, Ber.,, 


vl DEFORMATION OR STRAIN THEORY LOS 


H H 
& 
7 ow, 7 ow 
wae i < a ‘et 
He . CH 5 
2 oe H,C CH, CH, 
CH, | | 
H.C | c=0 H,c CH: c=o 
» ver Peaks 
H H 
Heat of combustion of 946.1 Cal. Heat of combustion of 1096.8 


Cal. at constant pressure. 


The difference for one CH,-group is in this case only 150.7 Cal. in place 
of about 157 Cal. in an open chain, or in the unstrained polymethylenes 7. 

The exact numerical, quantitative, foundation for the strain theory is, 
as the small number of examples that can be cited shows, not yet so firmly 
established that one can therefrom recognize the limits of the applicability 
of the tetrahedral model. The investigations made on bicyclic systems also 
do not as yet lead to a basis for assuming any definite effect of certain 
substituents on the tetrahedral angle. Hypotheses with the help of which 
one may wish to pre-calculate such influences, as for example on the space 
occupied by the substituents 8, seem, in view of the uncertainties con- 
nected with the making of mechanical constructions with an atomic model 
which can, however, not be explained in terms of classical mechanics, rather 
venturesome; their verification by experience has as yet been carried out 
only in a one-sided way, by means always of chemical methods, such as 
the comparison of reaction velocities and the ratios of the reaction veloci- 
ties 19, The use of these methods is not free of objections, and more must 
yet be said as to their value (See Vol. II, Book IV, Chapter XX). 

It is therefore of significance that the models as built up out of tetrahedra 
also exhibit other properties from which experimentally verifiable conclusions 
can be drawn. These include the positions of the more remote atoms, which 
can, by ring-closure reactions, depending on the number of links in the ring 
and, in the case of bicyclic compounds, also on the kind of ring-linkage, be 


47 If the value of 6 Cal. were not also supported by a comparison with other 
compounds, then the comparison here made would, in view of the likewise small 
difference for a CH, group between hydrindane and decalin, be a by no means con- 
vincing proof (See p. 100 footnote IIT). 

8 C.K. Incotp and J. F. THorpPE, J. Chem. Soc., 107 (1915) 1081; 115 (1919) 322. 

1° ©, K. INGotp, J. F. THorPE, and numerous coworkers; for a review see Strain 
Theory, p. 87; compare This Text, above, p. 94, and also below, p. 124. Fora review of 
the critical literature see W. L. GerMAN and A. I. VoGEL, J. Chem. Soc., (1937) 1108 
etc. These investigators came to the conclusion that in all the 1,1-di-acetic acids of 
cyclohexane and cycloheptane which had been investigated, and for which the first 
and second dissociation constants had been determined (In this connection compare 
Vol. II, Book IV, Chapter XX), the ring is strain-free. 
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more or less closely established. The models of the cycloparaffins up to 
the five-membered ring are rigid and planar !”°, but then become increasingly 
mobile or flexible from cyclohexane on. Consequently the substituents 
present in the c’s-position on two neighboring ring atoms are always close 
together in space up to the five-membered ring, while from the six-membered 
ring on they can deviate more and more as the number of ring-links increases. 
Conversely, tvans-substituents on two neighboring atoms are quite far 
apart up to the five-membered ring, while from the six-membered ring on 
they may, by rotation of the ring carbon atoms about their common axis, 
approach more and more closely, and already in the case of the seven-mem- 
bered ring they may be brought almost into the same plane, and hence be 
just as close together as are the c7zs-substituents. 

A special description is still necessary for the space-model of cyclohexane. 
For, as SACHSE 1"! found, two forms can be constructed such that they can 
not be converted one into the other in accordance simply with the principle 
of free rotation. One form is rigid; its symmetry is that of the ditrigonal- 
scalenohedral class, D3d. In it the two ring atoms are arranged in two parallel 
planes, of which each contains three atoms. The second form is mobile 
and flexible; in it the free rotation is not completely prevented, and it can 
be given various geometric shapes 122. One of these shapes, as shown in the 
figure, contains four carbon atoms in one plane; two opposite or para-atoms, 
1 and 4, appear in specially designated positions above this plane. By a 
simple rotation, however, the atoms 2 and 5, or 3 and 6, can also be succes- 
sively brought into this special position. This form possesses the elements 
of symmetry of the rhombic-pyramidal class: C,,; the intermediate forms 


2° For a proof of the square structure in the case of octafluorocyclobutane by means 
of the infra-red vibration frequencies, see W. F. EpcELL, J. Am. Chem. Soc., 69 (1947) 
660. Later on a certain distortion of the rectangle was established by means of electron- 
diffraction measurements, which also yielded a greater interatomic spacing of the ring 
carbon atoms ; C—C 1.57 to 1.62 A in place of the normal 1.54 A. The reason for this 
is probably to be sought in the relative mutual repulsive effect of the fluorine atoms 
upon one another: See H. P. Lematre and R. L. LivincsTonE, J. Chem. Phys., 18 
(1950) 569. Compare also the spectroscopic data of W. F. EpGELL and D. G. WEIBLEN, 
J. Chem. Phys., 18 (1950) 571. Small distortions of the square four-membered ring of 
methylenecyclobutane and of methylcyclobutane, amounting to up to 2 to 3°, have 
been determined by means of electron-diffraction measurements; W. SHAND Jr.,, 
V. SCHOMAKER, and J. R. FIscHER, J. Am. Chem. Soc., 66 (1944) 636. For data on 
the five-membered ring see p. 96, 

ee H. SAcuHsE, Z. physik. Chem., to (1892) 203. For the most recent review, inclu- 
ding decalin, see O. Hasset, Research, 3 (1950) 504. 

Pan Models which allow the mobility or flexibility of the six-membered ring, and of 
higher-membered rings, to be emphasized can be constructed with the help of instruc- 
tions given by Dr. Gotu and of the atom-models produced in the Trade School for 
Precision Mechanics (Fachschule fiir Feinmechanik) in Gottingen, (Germany). Similar 
atom models are available from American and English manufacturers, F. H. R. 
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which appear during the rotation of the carbon atoms about their common 
axis are less symmetrical. 

If we should allow the hypothesis of free rotation to hold in the form 
in which it was applied for the acyclic compounds, there would have to 
be two cyclohexanes. These have, however, never been observed, and the 
isomerisms that would correspond to the two models also fail to appear in 
the case of the derivatives. For this reason the SACHSE conception of the 
space-structure of the cyclohexane ring was rejected for a long time, and, 
following BAEYER }*8, cyclohexane was considered planar, just as were all 
other ring compounds. Only later did Monr ™ point out that for the con- 
version of the rigid form into the flexible form, and conversely, in which 
one half of the molecule must ‘“‘flip over’? — in Fig. 18 the atoms I, 2, and 
6 upward, and in Fig. 19 the atoms, 3, 4, and 5 downward—, only a very 
slight distortion of the tetrahedra is necessary, the magnitude of which is 
less than the strain in a plane-constructed six-membered ring. With the 
introduction of this illuminating auxiliary hypothesis to supplement the 
hypothesis of free rotation, the number of the possible and of the actually 
observed isomers can be brought into complete harmony for the case of 
cyclohexane. Corresponding considerations were carried out by Mour also 


for the cycloheptane ring !”°. 
6 





| Fig. 18. Rigid ane Fig. 19. Flexible form. 
From electron diffraction experiments on gaseous cyclohexane, as well 
as from the vibration frequencies of its atoms (Compare THIS VOLUME, 
p. 96), it follows that the rigid form of symmetry, D3d, is energetically 
favored above all others (See also This Text, Vol. II, Chapter XIII), and there- 
fore accounts for the predominant portion of cyclohexane molecules °. 


1223 A. vy, BAEYER, Amn., 276 (1893) 265. . 
124 E, Mour, J. prakt. Chem. (2), 98 (1918) 315. For the mathematical analysis see: 
P, CoHEN HENRIOQUEZ, Proc. Koninkl. Akad. Wetenschappen Amsterdam, 37 (1934) 532. 
125 E, Mour, J. prakt. Chem. (2), 103 (1922) 316. ' 
126 QO, HasseL and B. Ortar, Tids. Kjemi, Bergvesen, Met., 3 (1943) 32; Arkiv 
Mat. Nat., 45 (1942) No. 10. Compare also C. W. BECKETT, K.5. Pitzer and R. SPITZER, 
J. Am. Chem. Soc., 69 (1947) 2488; also R. RasmussENn, J]. Chem. Phys., 11 (1943) 249. 
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Electron-diffraction experiments on gaseous cyclohexene oxide have shown 
that the rigid form of the six-membered regular hexagon ring 1s deformed by 
fusion with the strained heterocyclic three-membered ring in the czs-position, 
so that the atoms I, 2, 3, and 4 come to lie in a plane, somewhat as in cyclo- 
hexene. The oxygen atom does not lie in this plane. The oxide is hence not 
derived, as one might otherwise suppose, from the rhombic-pyramidal model 
(Fig. 18) with two pairs of cis-valences in one plane *’. 

Because of this flexibility of the six-membered ring present in the mole- 
cules according to SACHSE and Monr, the cis-substituents in the six- 
membered ring can move further apart, and the tvans-substituents can move 
nearer together. This is true to a still greater extent in the case of the 
seven-membered ring 128. A position in which such an approach of trans- 
substituents has taken place is known as a meso-trans-position 1°, Such a 
position is possible in the six- and the seven-(and higher)-membered 
rings, but not in the five-membered ring. For this reason certain differences 
in the chemical behavior of cis-trans-isomeric cyclopentane and cyclohexane 
derivatives must be expected. The reactions that are applied in order to 
achieve clarity as to the mutual relative positions of the substituents on 
neighboring atoms generally consist in the attachment of a second ring, 
which is usually a heterocyclic five-membered ring. The extent to which 
it is permissible to draw conclusions as to the mutual positions of the 
substituents on the basis of such reactions will be considered later on in 
our discussion of the relationships between space-structure and the velocity 
of chemical reactions (Chapter XX, 2). For this reason, let us here state only 
what is most important in this connection. If we assume that a five-membered 
ring containing oxygen or nitrogen atoms is normally plane, just as is one 
consisting only of carbon atoms, then a position of the substituents most 
suitable for ring-formation is one in which they, together with two ring- 
carbon atoms, are already in a single plane. In this position the cis-substi- 
tuents on a cyclopentane ring are already rigid, while the trans-substituents 
can never assume this position. In the case of a cyclohexane ring the cis- 
substituents can get out of each other’s way, while conversely the trans- 
substituents can never be brought into a single plane with the two ring- 
carbon atoms! Finally, in the cycloheptane ring, the trans-substituents can 


7 B. Ortar, Acta Chem. Scand., 1 (1947) 283. 

18 H. G. DER, Rec. trav. chim., 41 (1922) °327. 

129 J. BREDT, Ann., 395 (1913) 29. 

9 Some investigators therefore reject the terminology cis- and trans- for the 
substituents on a cyclohexane ring, even though for the action of clearing out of the 
way in the cis-position one may just as well speak of a meso-cis-position as BREDT 
speaks of a meso-trans-position when two molecules approach each other in the trans- 
position. O. HAssEL introduces the terms x (Kappa) (from the Greek Kero, = lying, 
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likewise be brought, at least almost, into a single plane with two ring- 
carbon atoms. 

Electron-diffraction experiments on gaseous c7s- and trans-1,2-cyclohexane- 
diol "1 furnish an illustration for these considerations. For the trans-form of 
m.pt. 104° these results may be interpreted as indicating the existence of 
an equilibrium between the extreme trans- and the meso-trans-form, while 
for the czs-form of m.pt. 99°, they indicate a meso-cis-position. In all cases 
these forms can be derived from the rigid model. 

In the case of the diols in particular these more recently won points of 
view can be combined very well with the results of older chemical experi- 
ments. Completely in agreement with these conceptions is the behavior 
of the cyclic diols with respect to acetone, as investigated by BOESEKEN 
and his students Van Loon, DERX and HERMANS 22, The equilibrium for 
the acetal-formation reaction: 


Sreneec BOF 


is entirely on the side of acetone-compound formation in the case of the 
¢is-diols with a five-membered ring. In the case of the c7s-diols with a six- 
or a seven-membered ring, which can likewise still form an acetone-com- 
pound, it is less so because the positions necessary for ring-formation 
occur more rarely, or the average time in these positions is less. The ¢vans- 
diol derivatives of five-or six-membered rings yield no acetone-addition 
compounds whatever, while the trans-cycloheptane-diols are able to form 
such addition compounds. 

The increase in the conductivity of boric acid !*4 also occurs only when the 
hydroxyls are held fast in spatial proximity, because of the fact that it is based 


horizontal) for the meso-positions, and ¢ (from the Greek Eoteyqw¢ = vertical, upright, 
arisen, from totx«. = arise) for the trans-position. See Tidskr. Kjemi, Bergves., Met., 
3 (1943) 32. For the case of decalin see [bid., p. 91. 

181 _B. OTTaR, Acta Chem. Scand., I (1947) 521. 

132 J, BOESEKEN and coworkers, Ber., 46 (1913) 2612; 55 (1922) 3758; 56 (1923) 
2411; Rec. trav. chim., 39 (1920) 185; 40 (1921) 553; 41 (1922) 722; H. G. DERx, ibid., 
41 (1922) 312; P. H. Hermans, ibid., 40 (1921) 525; Z. physik. Chem., 113 (1924) 337- 
Compare also Vol. II, Book IV, Chapter XX, 2. 

133 The semicircle is supposed to imply a ring with any desired number of chain- 
links. 

134 See J. BOESEKEN, Ber., 46 (1913) 2612, as well as the literature cited above 
for the acetone compounds. Compare also Vol. II, Book IV, Chapter », © ay 
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i ioni 135 - 
on the formation of a heterocyclic, anionic complex, such as for example 1°: 


CH.—CH—oO vO—CH-—CH,~. PO 
S ; NB SCH, | 


} Be ae a 
CH, 26n04 SO ACGHAGHEA 


Hyves 

This can be observed in the czs-diols of cyclopentane; in the case of the 
cis-diols of cyclohexane the possibility for the hydroxyls to “‘evade’’ one 
another already suffices to prevent the formation of the complex to any 
appreciable extent. Nevertheless the czs-, as well as the trans-, cycloheptane- 
diol both increase the conductivity of boric acid, although in this case too 
the hydroxyls are able to “‘evade’”’ or move apart °°, ; 

A further difference in the ability to form five-membered heterocyclic 
rings is shown by the czs-trans-isomers in which the five-membered ring 
is, or may be, formed, not by a bimolecular reaction, but rather by an 
intramolecular ring-closure. Thus the c?s-cyclopentane-1,2-dicarboxylic 
acid 18" readily and smoothly undergoes loss of water to form an intramole- 
cular anhydride: 





Solas poly peta es 
ao “TT 
Ps / BA 
ise | — Pata |_H te) 
“CH s-CH—COOH SCH C2 =620 


The trans-acid, on the other hand, yields only a high-molecular weight 


8° Mono-diolic compounds may also be strongly acidic when they contain one mole 
of H,O; an example thereof is the mono-diol compound of cis-cycloheptane-diol: 











a CH 
_CH,—CH,—CH. oe OH | Giie-auiithe 
| BCC SBS it ; CH, ecoeaiol 
| a ee, SS 3™N coe § 
4 CH,—CH,—_CH—O LG he i CH.-~ O 
Acidic Non-acidic. 


Mono-diolic compounds without water are not acidic, as illustrated by the examples 
of the boric acid compounds of pinacone; P. H. Hermans, Rec. trav. chim., 57 (1938) 
333, where further literature will be found cited. For some comprehensive reviews see: 
J. BOESEKEN, Chem. Weekblad, 19 (1922) 207; 33 (1936) 206; Bull Soc: Chim. France 
(5), 3 (1933) 1. For the various strengths of the complex formation of H;BOs, Na,B,O,, 
and KBO, with various polyhydroxycompounds, which increases in the order given, 
see: Y. Tsusux1, Bull. Chem. Soc. Japan, 16 (1941) 23 = Chem. Zentralblatt 1941, I, 
3199. 

ager AT illuminating explanation, which, however, enables us to understand only the 
behavior of the tvans-cycloheptane-diol, is furnished by considerations of models in 
which the space-volume occupied by the hydrogen atoms is also taken into considera- 
tion ;—P. H. Hermansand C. J.Maass, Rec. Trav. Chim., 57 (1938) 643. These conside- 
rations were carried further by J. BOESEKEN, Proc. Koninkl. A kad. Wetensch. Amster- 
dam, 52 (1939) 573. 

1 We. EL PERKIN’ Jr J. Chem. Soc., 65 (1894) 588. 
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anhydride 8, for the carboxyls in the ¢rans-position do not react with 
one another. In the case of cyclohexane-1,2-dicarboxylic acid we find different 
anhydrides 18°, corresponding to both the czs- and the tvans-forms, although 
the czs-form of the anhydride is formed the more easily. According to the 
models, the carboxyls can in this case also approach each other in the 
trans-form, permitting of the formation of the weakly strained trans-five- 
membered ring. If now, however, the flexibility of the six-membered ring is 
eliminated by means of a 1,4-bridge, then in the now stabilized rhombic- 
pyramidal form of the six-membered ring, the tvans-carboxyls lie rigidly 
fixed in exactly the same mutual relative positions as in cyclopentane-I,2- 
dicarboxylic acid; they can consequently also not react intramolecularly 
with one another to form an anhydride, while the c7s-acid in this case again 
very readily yields an anhydride ™: 








H H 
C COOH S G=O 
spe ete” os | Pee 
H.C (yy, C-H HC  ¢y, C~ 
| — O 
H,C fo oi H.C posers fk 
~~ wi x 
a “COOH Sas, Cog \cZo 
H H 
cis-Form of the acid Anhydride 
H 
pig le A Bete 
G0 Boe 
BG CH, Hooc—c. 
| 
H,c CHa H—C--COOH 


tvans-Form of the acid; does not yield an anhydride. 


(vit) APPLICATION OF THE STRAIN THEORY TO HETEROCYCLIC 
COMPOUNDS WITH MULTIPLE BONDS 


(a) Heterocyclic Compounds 


The considerations of models of heterocyclic rings necessary for the proofs 
of the mutual positions of the substituents in cis-trans-isomeric compounds 
require that certain assumptions be made as to the particular models to 


1388 J, BReDT, Ann., 437 (1924) 9. 
139 A. vy, BAEYER, Ann., 258 (1890) 217. 
140 QO. Diets and K. ALDER, Ann., 478 (1930) 144. 
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be introduced and used for the atoms of nitrogen and oxygen. First of all 
we must assume different distances for the C—N-and C—O-, than for the 
(—C-bonds. In so far as X-ray photographs have as yet furnished data on 
this matter, the differences appear to be not very great, for the inter-atomic 
distances 144 found are: 


C—C in ethane (Compare Vol. II, Book III, Chapter XV) 1.54710 %cn1, 
C—N in methyl amine 1.47 LOTemM; 
C—O 14% 1.43 <10;"cm, 


C—H considerably less, but not of importance in considerations ~ 1.09- 10-*cm., 
of the models since no further atom is linked to the H-atom 

C—Cl, questionable whether this value does not depend somewhat 1.8- 10 8cm. 
on the constitution of the compound (Compare Vol. II, Book III, 
Chapters XII and XVII. 
For our present considerations the distance C—Cl is of no 
importance anyway. 


More important would seem to be the question whether the normal 
valence-angles of nitrogen and oxygen can be set at least approximately 
equal to the tetrahedral angle of carbon. That they are in fact not very 
different from the latter, and do not in the case of oxygen form a straight 
angle, —O—, as one might expect, follows from the number of chain-links 
in the favored heterocyclic ring systems, both in formation, as well as in 
stability. Here too, as in the case of the purely carbocyclic systems, the five- 
and six-membered rings are favored. Since we have no experimental evi- 
dence for the exact angles, we also use for both nitrogen and oxygen the 
tetrahedral angle of 109°28’. Accordingly the groups NH and O appear 
sterically equivalent to the methylene, CH, group, for the small differences 
in interatomic distance are not important. The nitrogen atom is therefore 
represented by a tetrahedron with a missing valence, the oxygen atom by 
a tetrahedronwith two missing valences. Ammonia is accordingly represented 
by a flat, three-sided pyramid; water by a plane triangle: 


‘, os 


Fig. 20. 
These molecular models, which have been confirmed qualitatively by the 


141 Ror a more thorough discussion of interatomic distances see Vol. II, Book III, 
Chapter XVII. 


42 Z. physik. Chem. (B), 35 (1937) sig 
“8 Compare Vol. II, Chapters XII and XVII, 
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physical properties of these compounds ™4 (Vol. II, Book IIT, Chapter XII), 
follow from the fact that in cyclic compounds, O, NH, and CH, can be 
interchanged without any marked change in the strain of the molecule. 
We have then, at least as regards general features, the same relation- 
ships of isomerism and strain in the heterocyclic as in the carbocyclic 
compounds. To cite only a few examples, among the bi-cyclic bridge systems 
of the alkaloids, as in tropane ! and in quinuclidine 1%, only cis-bridges are 








H 
ed 
CH,—CH- ea a HG CH, CH, 
SN-CH CH ft = 
Cc oo . yy: = | 
H,—CH————_CH 
: : H,c)}6=60«C Pa cH 
NN 
Tropane Quinuclidine 


known; the non-existence of bridges in the ¢vans-position follows from 
the same type of considerations as in the case of camphor. In the same way, 
only the czs-hexahydroterephthalic acid forms a bridged anhydride; the 











_CH,——___—\—CH, 
pres as 
CH—CO—0O--CO——CH 
™, Ya 
™CH, CH, 


cis-Hexahydroterephthalic acid anhydride 
trans-acid does not 147. On the other hand, in condensed ring systems the cvs- 
trans-type of isomerism, such as we observe in decalin, is possible. Thus the 
following examples of substances are known: 


H, ie H, H, 
Cc C C Cc 
EM Det Brees YAO <a 
H,C C-—-H CH, H,C C---H le 
| | | | | | 
H,C C.--H CH, H,C H—C CH, 
ee ae Ce Nc sn 
H, H iy PR gals | 
cis-Decahydroquinoline 148 tvans-Decahydroquinoline 


144 Whether the valence angle is approximately the same in ammonia and water 
as in cyclic compounds remains, however, still an open question. Compare Vol. II, 
Book III, Chapter XII. ! 

145 A. LADENBURG, Ber., 16 (1883) 1408; 20 (1887) 1648; R. WitrsTATTER, Ber., 
30 (1897) 721; 34 (1901) I40, etc. 

146 J, MEISENHEIMER, Amn., 420 (1920) 190. Of analogous structure, with N also on 
the second bridgehead, is triethylenediamine. O. HRomorka and O. Kraupp, Monatsh., 
82 (1951) 880; O. HromorKa and C. SKOPOLIK, Ibid., 83 (1951) 38. 

447 R, MALacnowskI and J. JANKIEWIcz6wnNa, Ber., 67 (1934) 1783. 

1448 W, HOcKeEL and F. STeprF, Ann., 453 (1927) 163. 

NH, 
149 For the synthesis from cis- and trans- 1,2-CgH yo see A. ALBERT, 
For the synthesis \CH,CH,CH,Br 
D. S. Brown, and H. DueweELt, J. Chem. Soc., (1948) 1284. 
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Hy, Hy, a (a 
C C 
et ss oe eer See 
HC H CH, ae i H a 
igi ; 
fy C--H NH H,C H—C NH 
(Seis a oee Cae Gre 
H, 4H, H, H, 
cis-Decahydro-iso-quinoline 15° tvans-Decahydro-iso-quinoline 151. 


It is of course true that as yet only one form of perhydro-indole, probably 
the cis-form, is known 2: 


The imides of c7s- and of trans-cyclohexane-1,2-dicarboxylic acid (hexa- 
hydrophthalic acid) must also be regarded as stereo-isomeric derivatives 
of perhydro-iso-indole : 


Hy, O Hy O 
C ce C 
C0 ae tiie AA es 
H,C te ay Bye. CH ON 
NH | NH 
H,C C--H ~~ H,C H—C ee 
CPG SC ~*~ Cr 
Hy, O H, O 
cis-Hexahydrophthalimide, m.pt. 137° tvans-Hexahydrophthalimide. 


As yet, here too only the cis-form 13 js known; in the case of the anil, 
however, both the c7s- and the trans- isomers have been found 4, 
In the case of the corresponding acid anhydride, containing O in place 


of NH, however, both the cis- as well as the trans-forms have been pre- 
pared 155 


159 L. HELFER, Helv. Chim. Acta, 6 (1923) 795; A. Sxira, Ber., 57 (1924) 1979. 

151 L. HELFER, Helv. Chim. Acta, 9 (1926) 814. For the cis- and tvans-forms see B. 
Witkop, J. Am. Chem. Soc., 79 (1948) 2617. 

152 R. WILLSTATTER and D, JAQUET, Ber., 51 (1918) 777; R. WILLSTATTER F, 
SEITZ, and J. v. Braun, Ber., 58 (1925) 385. 

58 R. WILLSTATTER and O. JAQueEt, Ber., 51 (1918) 774. 

4 W. Htcker and Hans MULLER, Ber., 64 (1931) 1983. 

15 A. v. BAEYER, Ann., 258 (1890) 217. Both anhydrides are mono-molecular in 
benzene solution (W. HicKer and H, MULLER, Ber., 64 (1931) 1983. Compare also 
G. Vavon, Bull. Soc. Chim. France (4), 45 (1929) 295. 
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Se ° H, O 
pint ape “No 
4 7 i: H,C Ta Se" 
O | O 
H,C C--H ~~ H,C H—C ce 
Ne-\c7 aoe al 
é rei O Hi; O 
cis-Hexahydrophthalic acid tvans-Hexahydrophthalic acid 
anhydride, m.pt. 32° anhydride, m.pt. 143°. 


In the class of the stereo-isomeric bi-cyclic ethers, both of the so-called 
naphtho-dioxanes are known 18: 


O O O O 
Ss er CEN ile Bie eo 
an CH a Hol ee fon Ca. 
| | 
ie Oe SO Oe, 
cis-Naphtho-dioxane tvans-Naphtho-dioxane, 


Rings with a larger number of links have been prepared in the case of 
heterocyclic compounds, just as in the case of the carbocyclic, and can prob- 
ably be considered as definitely strainless 157, 

Corresponding to the strain-free bicyclononanes (This Text, p. 98) is a 
bridge-ring compound known as morphane 8, and prepared as follows: 


ts RD a 
VA cui oo 0 =< 642 toh Assapecsnl mats 
ea H,, Pt c=0 ~~ O=C-CH,S 


IN O—C,H, ——>- | N 
oT oH SP Reh ra 


GHiGHscH, ¢H,—CH=CH, 
| 
BIR ere Ceo hes CCH CH. 
| 
CH,—CH—NH CH,—CH—NH 
Morphane. 


156 |, BOESEKEN, F, TELLEGEN, and P. C. COHEN-HENRIQUEZ, Rec. trav. chim., 50 (1931) 
go9. For the X-ray dataseeS. FURBERGand O. HASSEL, Acta Chem. Scand., 4 (1950) 1584. 

157 Polymembered lactones have been prepared by E. W. SPANAGEL and W. H. 
CAROTHERS from a poly-ester of an w-hydroxy-aliphatic acid by depolymerization at 
pressures below 1 mm; /. Am. Chem. Soc., 58 (1936) 654. See furthermore, M. KERSCH- 
BAuM, Ber., 60 (1927) 902; L. Ruzicka, M. STo.i, and Coworkers, Helv. Chim. Acta, 
II (1928) 1159; 17 (1934) 1283, 1289, 1609; 18 (1935) 1087. Polymembered sulfur- 
containing rings with 15, 17, and 19 links in the ring have been obtained by G. M. 
BENNETT and H.GupGEon,—/.Chem. Soc., (1938) 1891; with 13, 14 and 15 links by 
Apoir MULLER and A. F. Scut'1z, Ber., 71 (1938) 692. For a review on polymembered 
cyclic compounds see A. MULLER, Oesterr. Chem. Ztg., 41 (1938) 89. For polymembered 
nitrogen-containing rings of the type of cyclo-di-octamethylene-imine, 


oe NSdene!s 
HN NH 
et a 
(CH) «~ 
see ADOLF MOLLER and L, KINDELMANN, Ber., 74 (1941) 416. 
158 J), GINSBURG, J. Org. Chem., 15 (1950) 1003. 





II4 STEREOCHEMISTRY II 


Hexamethylene-tetramine, 1°® and tetraethenyl hexasulfide (CH3C) 4S, 
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likewise belong to this type of substance. 


Quantitatively the strain theory has been tested on heterocyclic systems 
only in a very few isolated cases. These have already shown, however, that 
caution must be used in applying one’s experience on carbocyclic systems 
to heterocyclic systems, and conversely. Thus we find that for the two 
stereo-isomeric forms of the combination, six-membered ring—five member- 
ed ring, in the carbocyclic system of 6-hydrindanone, the difference in the 
heats of combustion indicates the ¢vans-form to be the energetically preferred 
or more stable form, while for the heterocyclic system of hexahydrophthalic 
anhydride the ¢rans-form exhibits an energy content of 6 Cal. per mole more 
than does the czs-form 16°, While it is true that in the latter case the as yet still 
unknown difference in the heats of fusion of the isomers subjected to com- 
bustion must be added to these values, there nevertheless certainly remains 
after this correction an energy content difference still in the same direction. 

The simplest, strongly strained, heterocyclic ring, that of ethylene oxide, 
produces an especially great heat of combustion. 

Allin all our quantitative knowledge of the strain in heterocyclic systems is 
stillexceedingly scanty, and hence the question of the extent to which the steric 
equivalence of O, NH and CH, is really fulfilled, as assumed in a consider- 
ation and discussion of molecular models, must still remain an open one 16}, 


** This formula was proposed by P. DUDEN and M. Scnarrr, Ann., 288 (1895) 230. 
Compare also This Text, Vol. Chapter XV, 2. For tetraethenyl hexasulfide see A. FREDGA 
Arkiv f. Kem., Min., Geol., 25 B (1947) No. 8; A. FrepGA and HERMANN BAUER, 
Arkiv. f. Kem. 2 (1950) No. 3, TT 

160 W. A. Rotu and F. MUL LER, cited by W. HUcKEt in Spannungstheorie (Strain 
Theory), p. 54. 

161 For a discussion of the valence-angles of oxygen and nitrogen as determined by 
physical methods see Vol. II, Book III, Chapter XII. For the influence of the valence- 


angle of oxygen on the ring closure, see the discussion of K. ZreEGLER and H. Hor 
Ann., 528 (1937) 148. 
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(b) Meta- and Para-Ring Closures in Aromatic Compounds 


The strain theory can also be applied succesfully to ring closures on aro- 
matic nuclei. If we look upon the benzene ring as a rigid, plane, regular, 
hexagon, in which the interatomic distance of the carbon atoms does not 
differ greatly from that in aliphatic compounds (1.41 A in place of 1.54 A), 
we see at once that rings with a small number of chain links can be attached 
only in the ortho-positions. This circumstance has been used in various 
cases in order to determine the supposed ortho-position of substituents, as 
for example in the ring-closure of phthalic acid to the anhydride, or ortho- 
condensations, such as the formation of quinoxaline from o-phenylene- 
diamine and 1,2-diketones. For larger numbers of ring link members, 
however, meta- and para-anchored rings can also be constructed on the 
models, and for a long time these substances were sought for in vain in the 
laboratory. Nevertheless these compounds predicted by theory can, as 
ZIEGLER and LUTTRINGHAUS !® were able to show, be prepared, without 
any too great difficulty, by the use of suitable methods 16. Up to the present, 
however, only heterocyclic compounds of this type have been prepared. 
Examples are the hydroquinone-(7-keto-tridecamethylene-1,13)-ether 1%, 
resorcinol-decamethylene-ether 1®°, and  di-trimethylene- and _ di-hexa- 
methylene-hydroquinone-di-ether 1°, 


eae ~ 

a ay eg eae pe a oN 

(CH)< ca. a b (CH,),) and eee a (eens 
Ce ae th SE iy Ae 


| (where n = 3, or n= 6). 


The smallest rings that were successfully prepared had ten links (ie; 
8 CH,-groups between the oxygen atoms) in the case of hydroquinone, nine 
links in the case of resorcinol. It seems possible that still smaller rings may 
be capable of existence, i.e. stable, especially in the case of resorcinol. These 
results are in accord with those derived from a consideration of the models 1°”. 


162 K. ZIEGLER and A. LUTTRINGHAUS, Ann., 511 (1934) 1; 528 (1937) 155. 

163 See in this connection Vol. II, Book IV, Chapter XX. 

164 K. ZreEGLER and A. LUTTRINGHAUS, Amn., 511 (1934) I. 

165 K. ZIEGLER and A. LUTTRINGHAUS, Amn., 528 (1937) 159. 

166 Rocer Apams and L. N. WHITEHILL, J. Am. Chem. Soc., 63 (1941) 2073. 

167 A. LUTTRINGHAUS, Ann., 528 (1937) 181. Further experiments along this same 
line, using diphenyl and diphenyl ether, are found in this same paper, on pp. 211 and 
223. For sulfur-containing rings derived from diphenyl see: Z. angew. Chem., 52 (1939) 


302; Ber., 72 (1939) 887. 
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LUTTRINGHAUS 288 has called such compounds ansa-compounds, from ansa 
— handle. Two handles, each with 12 links, including 10 CH,-groups, fastened 
in the p-position, have actually been realized in the double-handled, substi- 


tuted p-phenylene-diamine: 
7(CHa)sn_ 


me Ror 

ae, a N~ Ges 

sania iy ei 8 ee 
aE a 


“Sy GHpert 


By another method, namely by subsequent synthesis of the meta-sub- 
stituted benzene ring on to the multi-membered ring, PRELOG 16° was able 
to produce meta-bridges with down to as few as five ring members. In the 
model these appear slightly strained. Examples are the 2,6-polymethylene- 
4-nitrophenols: 17° 








yaeN CH,—CH, O=CH 
(CHy)n C=O = (CHy)n-2 c=0 LE CHNO, ——> 
\ 
\cH,” CH ee oe O=CH” 
CH, C——CH 
eS 
(CH,)n-2 HO—C C—NO, + 2H,O 
. VA 
CH, C+ 6H 


(where n=5, 6,7 G).0% ... ie 


On the basis of fundamentally the same method, the following synthesis 
has been used to prepare the 3,4-dimethyl-2,6-polymethylene-phenols, with 
meta-bridges containing down to 5 links, 





Paes Boon: O=C—CH, CH eH, es 2Ete 
H,C C=O C=CH, —> H,C HO S—cH, 
rl | = 
re} an ols Oe CH, at, oie tes 
| 
COOCH, 


If one tries to hold the number of ring members below 8, the CH,-group 
reacts with the ring-carbonyl, yielding a condensed ring system (Compare 
also This Text, p. 123): 


H,C 


™CH,—CH,— CH, 


4 
ao pheread pie 
WA “é 
168 A. LUTTRINGHAUs and H. Simon, Ann., 557 (1947) 120. 
si V. PRELOG and K. Wiesner, Helv. Chim. Acta, 30 (1947) 1465. 
170 V. PRELOG, K. WIESNER, W. INGOLD and O. HAFLINGER, Helv. Chim. Acta, 31 
(1948) 1325. 
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In this case then, a benzosuberane derivative is obtained in place of a 
7-membered m-bridge ring, a tetralin derivative in place of a 6-membered 
ring, an indane in place of a five-membered ring. 

Both these types of condensation products are characterized by different 
reactivities of the phenolic hydroxyl groups. This phenolic hydroxyl reac- 
tivity is normal in the case of the condensed rings, but so strongly reduced 
in the case of the bridged rings that they do not dissolve in alkali, nor can 
they be acylated by the usual methods 1714, 

A bridge formed only by carbon atoms in the para-position is found in the 
compound, 


Cy a, CH 


Hiei Gy OE NCH, 
H 

H,C i CH, 
Sr Soon. 7 

| Il 

O 

H 
formed by intramolecular acyloin condensation from -phenylene-di- 
valerianic acid-methyl ester and sodium metal 171», 


(c) Compounds with Multiple Bonds 


In the case of the carbocyclic compounds with a double bond, a testing 
of the strain theory is as yet still less possible than in the case of the hetero- 
cyclic compounds, for only a few heats of combustion have been measured. 
Nevertheless it follows from the few known facts that rather unique energy 
relationships must prevail here, and that these can certainly not be explained 
by means of the strain theory alone. Thus the heats of hydrogenation of the 
unsaturated open-chain hydrocarbons exhibit marked differences, depending 
on the relative position, of the double bond and the chain branching. 
The unsaturated cyclic hydrocarbons yield intermediate values (See Table 3). 

Since the heat of hydrogenation of cyclopentene is greater than that of 
cyclohexene by 1680 Cal., we may presume in the former a correspondingly 
greater strain, if we assume that in the saturated hydrocarbons a CH,- 
group always has the same energy, i.e. that cyclopentane and cyclohexane 
are considered as strainless. (This is of course a somewhat daring assump- 
tion.) 

Semicyclic double bonds on the six-membered hexagonal ring cause a 


71a VY. PreLoc, P. BARMAN and M. ZIMMERMAN, Helv. Chim. Acta, 33 (1950) 359. 

171b Also R. KELLEY, D. MacDonatp and K. Wiesner, Nature, 166 (1950) 255. For 
further rings of this ‘“‘paracyclophane”’ type, with absorption spectra, see D. J. CRAM 
and H. STEINBERG, J. Am. Chem. Soc., 73 (1951) 5691. 


II 
118 STEREOCHEMISTRY 











TABLE 3 
HEATS OF HYDROGENATION 
, Refer- 
Olefine Be pt: Hydrogenation Reaction pokes 
Ethylene —102°| C,H, + H, = C,H, + 32.824+ 0.05 Cal. at 82° ae 
“a ° 73 
aaa zat Propene |—47.6°| C,H, + H, = C3H,g + 30.1+ 0.06 Cal. at 83 2 


-Butylene : : 
ses ees n-Butene-1 | —6.7°| C,H, + Hz = C,H) + 30.4¢ 0.06 Cal. at 83 ~~ 
cis-n-Butylene-2 pe 

‘ me ir Sih Pls + 3.7°; C,H, + H, = cis-CyHyo + 28.6 0.06 Cal. at 83 — 
t -n-Butylene-2 2 
(= Wans-t Butene-2 | 1.0°) C,H + By ae Wane ee a eee aa Rs 
1so-Butene —6.7° | C,H, + H, = tso-C,H,, + 28.4+ 0.06 Cal. at 83 
C 





° 174 
Pentene-2 n-C;H,, + H, = n-C;H,, + 28.54 0.06 Cal. at 82° 
Sra ha n-C;Hy, + Hy = n-C;Hy, + 30.1+ 0.06 Cal. at a2 ae 
Tetramethylethylene | C,Hi, + H, = CH, + 26:6= 0.06 Cal. at 82’ RE 
Cyclopentene C Hee Hy = C,H + 26.9" 0.06 Cal. at 82 : 3 
Cyclohexene CeHig + H. = C5Hy, + 28.6 0.06 Cal, at 82 














somewhat greater energy-content than do endocyclic double bonds 1: 


Ry: Cae < >-cH, ty oar: 


aE = CH—CH, —> < >-cH,—CH, + 3.6 Cal. 


How far these rules as found for a six-membered ring may be valid also 
for other rings with a different number of ring members must, for the time 
being, remain an open question, since the corresponding necessary experi- 
mental investigations have not yet been carried out. 

In the application of the VaNn’r Horr model of the carbon atom to the 
carbon-carbon double bond,—two tetrahedra lying together on one side 
or edge,—to solve problems of strain, or, more generally, the energy-relation- 
ships in the unsaturated ring-systems, we must at the least be very careful. 
In one respect at least, as we now know, these models do not correspond 
to reality; the close proximity of the carbon atoms one to the other most 
certainly does not take place, for the interatomic distances in ethane and 

*? Recalculated to 15°, 32.575. G. B. Kistiakowsky, H. RoMEYN ff Pa eS 

| Runorr, H. A. Smiru and W. E. VauGuan, J. Am. Chem. Soc., 57 (1935) 65. 

sad Oem SB KISTIAKOWSKy, J. R. Runorr, H. A, Smiru and W. E. VAUGHAN, J. Am. 

Chem. Soc., 57 (1935) 876. This paper gives further numerical data. 


74 G. B. Kist1akowsky and Coworkers, J. Am. Chem. Soc., 58 (1936) 137. 

5 G. B. Kistrakowsky and Coworkers, J. Am. Chem. Soc., 59 (1937) 839, especially 
the first paragraph on p. 840. ; 

A OW oA ROTHin Landolt- Bornstein, 5th edition, (1923 


) Vol. II, 1591. Compare also 
W. A. Rotu and K. v. AUWERS, 


Ann., 407 (1915) 155 (footnote), 


vit HETEROCYCLIC COMPOUNDS WITH MULTIPLE BONDS IIg 


in ethylene, which can be derived by various methods from the physical 
properties of these hydrocarbons, differ only slightly: C—C in ethane 
1.54: 10 *cm; C=C in ethylene 1.34 + 10-* cm 177, 

It is however not very important for the strain in the models whether the 
doubly-bound atoms are left at the distances required by the models, or 
whether they are separated to the normal distance, provided only that the 
directions of the valences which do not participate in the double bond are 
thereby left unchanged. 

(This objection is in one respect rather weak, since the distances measured 
are after all center-to-center distances in all cases, and the relative center-to- 
center distances of C—C and C=C in the models are very nearly in the 
mero Of 154% 1234; F.H.R)). 

Using such models we may predict for a few cyclic and bi-cyclic com- 
pounds such large strains that we may doubt the possibilities for the exist- 
ence of such systems, just as much as the possible existence of tvans-camphor. 
Up to the present we have agreement between theory and experience in 
this case, for no such strongly strained systems have ever become known. 
The use of the VAN’? Horr model of the double bond is therefore by no 
means unjustified when we are interested only in the discovery or prediction 
of the coarser effects. 

One example for this is cyclohexene, which occurs in only one, the 
strainless, c7s-form: 


H, H, mM 
C C 
See, Ss FA 
H,C CH Thee 2 
wal eet 
H.CiuGH | C 
Teer | ph ese \ 
H, jee ea a oh & 


cis-Cyclohexene, strainless, known tvans-Cyclohexene, strongly strained, unknown!?’8, 


On the other hand, both the cis- as well as the trans-form are known in the 
case of cyclo-octene 17% 18°, Cis-cyclo-octene (m.pt. —12°, b.pt. 144°, di. 


0.8472, n??, 1.47061) is formed by dehydration of cyclo-octanol, as by 


177 Ethane: X-ray interference spectra of crystallized ethane: H. Mark and E. 
PouLAnD, Z. Krist., 62 (1925) 103. Ethylene: Electron diffraction: R. WIERL, Ann. 
Physik (5), 13 (1932) 453. Infra-red spectra: W. SCHEIB and P. Lugec, Z. Physik, 81 
(1933) 764. ; 

178 C.D, Harries in Meyer-Jacosson’s Lehrbuch d. organischen Chemie ai; 2,776, 
Corresponding considerations were worked out by R. WILLsTATTER for cycloheptene 
and the methyltropene derived therefrom, Ann., 317 (1901) 274. f 

17° K. ZIEGLER, Lecture in Hannover, September 1948, also K. ZIEGLER and H. 
Witms, Naturwissenschaften, 35 (1948) 157; Ann., 567 (1950) 1. Also L. E. CRAIG, 
“Chemistry of the 8-membered carbocycles”’, Chem. Revs., 49 (1951) 103. _ 

180 &. P. Kouer, M. TIscHLer, H. Potter, and D. THompson, J. Am. Chem. Soc., 


61 (1939) 1061. 
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means of naphthalene-sulfonic acid; tvans-cyclo-octene (m.pt. —59"; b.pt. 
144°, di 0.8483, ny, 1.47445) is obtained by exhaustive methylation of 
cyclo-octyl amine, or from cyclo-octyl-tvimethyl-ammonium iodide -. The 
trans-form exhibits a slight strain, which is however not evident in the 
picture of the model shown in Fig. 20a 18*. Fig. 20a is taken from Ann., 567 
(1950) p. 11, Fig. 3. 

Higher membered rings yield strain-free tvans-forms, some already known 
for a longer time 18%. According to the model the as yet unprepared trans- 
cyclononene should also be strain-free. 

The strain in ¢rvans-cyclo-octene is indicated by an increased reactivity 
of the double bond. Thus it reacts instantly with phenylazide 184 to form 
a dihydrotriazole, while the cis-form requires weeks to undergo this same 
reaction. 

CH,—CH,—CH,—CH—N_ 


N 
CH,—cH,—cn,—¢H_N= CeHs 
M. pt. 110° from trans-, 

M. pt. 87° from cis-, \ 
two stereo-isomeric forms. Fig. 20a. Tvans-cyclo-octene 





The trans-form also reacts more rapidly with perbenzoic acid, though in 
this case the difference in reaction-velocities is not very great. 

When heated with small amounts of acid, the trans-cyclo-octene undergoes 
rearrangement to the cvs-cyclo-octene ; this again is an expression of the strain 
present in the former. 

The same type of cis-tvans-isomerism is present in the ring of cyclo-octa- 
diene-1,5. The chemical differences are here much more marked than for the 
two isomeric cyclo-octenes. By means of models it is possible to construct 
a strain-free cis-cis-form, and a slightly strained trans-trans-form ; a cis-trans- 
form would have an improbably high strain. Two forms, one stable, one 
labile, and both definitely proved to be I,5-dienes, are known: 

CH—CH,—CH,—CH 
Guo, “arias 

The configurational assignment, — stable = cis-cis-, labile — trans-trans-, 
and the absence of a cis-trans-form, — can not be made definitely on the basis 

181 R. WILLSTATTER and H. VERAGUTH, Ber., 38 (1905) 1975; 40 (1907) 957. 

182 The model of cyclo-octine shows a similarly high strain; N. A. Domnin, J. Gen. 
Chem. (U.S.S.R.), 8 (1938) 851, claims however to have prepared this substance. 

183 For the 17-membered ring of civetone =cycloheptadecene-1-one-o, see L. Ru- 
ZICKA, Helv. Chim. Acta, 9 (1926) 230; H. HUNDSDIECKER, Naturwissenschaften, 30 


(1942) 587; Ber., 76 (1943) 142; 77 (1944) 185; M. STOLL, J. Hutstcamp, and A. ROUVE, 


Helv. Chim. Acta, 31 (1948) 543; Chimia, 2 (1948) 217, 2267,AwT. Biomgutst, J. Am. 
Chem. Soc., 70 (1948) 34. 


84 K. ALDER and G. STEIN, Ann., 485 (1931) 211; 501 (1933) 41. 
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of chemical methods alone, but it can be made with a high degree of proba- 
bility on the basis of Raman spectra, which enable one to draw conclusions 
as to the cis-trans-isomerism of the double bonds 18° 186, (See also This Text, 
Vol. II, Chapter XIII). 

As Ziegler was the first to show, c7s-cis-cyclo-octadiene-1,5 is formed, to the 
extent of some 10%, alongside of vinylcyclohexene (See p. 600), the main pro- 
duct,by dimerization of butadiene under suitable conditions, i.e. on adding 
hydroquinone to retard chain-polymerization, and then heating to 270°C. 187, 
The isomeric trans-trans-cyclo-octadiene-1,5 had been obtained already much 
earlier by WILLSTATTER ‘and VERAGUTH 88. They reduced the carbonyl 
group of pseudo-pelletierine to a CH, group, and then subjected the resulting 
N-methylgranatan twice successively to exhaustive methylation. (These 
reactions are illustrated by the similar reactions undergone by the corres- 
ponding alcohol, N-methylgranatoline, as given in This Text, p. 669.) The 
considerably increased strain relative to the trans-cyclo-octene is illustrated 
by the transformation, within a few days at room temperature, into a crys- 
talline dimer, and its explosive-like polymerization at 135—150°, both pro- 
perties of which nothing is noted in the case of the stable isomer. 

The position isomers, c7s-cyclo-octadiene-1,3 and c7s-cyclo-octadiene-I,4, 
are, as may be remarked parenthetically, also known; they exhibit the 
properties to be expected from their formulas 1°. 

According to some considerations of WILLSTATTER 1%, a trans-cyclo- 
heptene should not be expected, nor has it been possible to prepare one. 

A large number of compounds of other types which should also, on the 
basis of the strain theory, be unstable, are the bi-cyclic bridge systems which, 
according to a rule derived from model considerations by BrEpT!*! 1%, 
and named after him, are not capable of existence when the double bond is 
at the bridge-head. The formation of such compounds, which one should 
expect on the basis of a simple structural formula, either does not take 
place at all, or a rearrangement leads immediately to some other isomeric 
substance. Thus, for example, when camphenilol is dehydrated the pro- 
duct formed is not camphenilene, but rather santene 1: 


185 See in this connection also the thorough discussion by K. ZIEGLER, Ann., 567 
(1950) 13 etc. Also J. GouBEAU, Amn., 567 (1950) 215. 

186 K. ZIEGLER, Ann., 567 (1950) I, 130. 

187 K, ZIEGLER, Naturwissenschaften, 35 (1948) 157. 

188 R. WILLSTATTER and H. VERAGUTH, Ber., 38 (1905) 1975; 40 (1907) 957. : 

189 For a review of the cyclo-octadienes see, K. ZIEGLER, Amn., 567 (1950) 28. 

199 This Text, p. 119, footnote 178. 

191 J, Brept and M. SAvELSBERG, J. prakt. Chem. [2], 97 (1918) 1; Ann., 437 (1924) 
1; Ann. Acad. Sci. Fennica (A), 29 (1927) No. 2. 

192 For a comprehensive review see F. S. FAWCETT, Chem. Revs., 47 (1950) 219. | 

193 S V, HintikKa and G. Komppa, Ann., 387 (1912) 293; H. MEERWEIN, Ann., 


I22 STEREOCHEMISTRY Il 








H H a 
Zeon CN i. 
Excoameyegee He cha et H.C | Breton: a 
a CH, "SCH, yields | | ee Dut | cH, | 
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Camphenilol Camphenilene Santene. 


In the case of heterocyclic ring systems likewise, BREDT’s Rule has been 
found valid, and has been much and successfully used for the solution of 
problems of constitution 1. 

In the case of rings with a larger number of links, as well as in condensed 
ring-systems, a consideration of the models shows that BREDT’s Rule is no 
longer applicable, for in these cases it is possible again to construct strain- 
free systems. A simple representative of such a condensed bi-cyclic condensed 
ring system with the double bond on a ring-branching or bridge-head position 
is given by A,,-octahydronaphthalene, or octalin 1%. Its heat of combus- 
tion agrees with that of Ay, -octahydronaphthalene and of trans-A,- 
octahydronaphthalene 1° within the limits of experimental error, thus 
proving that this substance is at least nearly strainless: 


YS ~~ (a 

; Ce 
wes ee 
A, ,9-Octalin A- ,;9Octalin tvans-A,-Octalin. 


Heterocyclic systems with a corresponding position of the double bonds 
are represented by the already long-known A, ,-dihydro-phthalic acid 
anhydride, as well as by derivatives of the so-called 7so-uric acid, such ae 
for example, 1,3,7-trimethyl-5-ethoxy-A, y-?so-uric acid 197, 


O : OC,H, 
I / 
Cc Nx CH; 
giles PS 
ete ACen eee 
— O and | C=0. 
CZ O20) 0G jiet 


| 
O 


405 (1914) 134; G. Komppa and S. V. Hintixxa, Ann. Acad. Sci. Fennica (A), 7 
(1915) No. 9, 1, = also Chem. Zentralblatt 1917, I, 406. 

cases © WInpaus and A. BouNneE, Ann., 442 (1925) 7. 

195 W. Htcker and H. Naas, Ann. | 502 (1933) 136. 

196 W. HUcKEL and H. Naas, Anns 502 (1933) 141. 

7 H. Birtz, Ber., 43 (1910) 3554. 
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Poly-membered bridge-ring systems to which the BrEpt-Rule is no longer 
applicable are represented by ketones 1° of the bicyclic ring type: 
7 C==C—CH, 
(CH,)n-3 co du, 
cucu, 


where n = 8 to 15. These are prepared by an aldol condensation, followed by 
elimination of water and by decarboxylation. The starting material is a 
cyclo-f-keto-ester containing an «-CH,—CH,—COCH, group, 


CH, O=C—CH, 
| 


[CHon5 CO CH, 
| | 
ee C———_-—-CH, 
| 
COOCH, 


For n = 6 or 7, the CH, group of the side-chain condenses with the keto- 
carbonyl group of the ring to form a condensed ring system with the double 
bond of the chain-branching position. With n = 8, both reactions take place 
concurrently. 

The application of the strain theory to alicyclic rings condensed to ben- 
zene rings was attempted by Von Braun !°, Assuming that the valence 
angles on the benzene ring are 120° 2%, 


se 
f | 120°, 
osc 


he found qualitative agreement between theory and experience. It has not 
as yet been possible to prepare the quite strongly strained system ™’, 


198 VY. PrELoG, L. Ruzicka, P. BARMAN, and L. FRENKIEL, Helv. Chim. Acta, 31 
(1948) 92. 

19 JuLius v. Braun, Ber., 59 (1926) 1922; 60 (1927) 1182. 

200 Compare in this connection also H. G. DERX, Rec. trav. chim., 41 (1922) 327. See 
also the speculations of W. H. Mirts and I. G. Nixon, J. Chem. Soc., (1930) 2510. 
(Compare This Text, Vol. II, Book III, Chapter XIX). 

201 See also J. G. JacKSoN and J. Kenner, J. Chem. Soc., (1928) 573. The data given 
there on a derivative of the analogous nitrogen-containing ring system, 


pag 
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are, in the opinion even of the authors, still quite uncertain. 
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while other strainless systems, involving otherwise the same types of ring 
combinations, have been prepared, such as for example: 


| 7 hye oe 
dy dye 


Heats of combustion of these systems have not as yet been determined. 


(vizz) SUMMARY ON STRAIN THEORY 


The application of the strain theory to the mono- and the bi-cyclic systems 
shows that use of the regular tetrahedron as a model for the four times singly 
bonded carbon atom gives results in far-reaching agreement with the facts. 
While in some cases supplementary conceptions are necessary, it can be seen, 
nevertheless, that these are essentially additions, such for example as the 
consideration of the forces exerted by more distant atoms, and do not involve 
any revolutionary changes in the fundamental assumptions. Nevertheless, 
the available material is not yet sufficiently inclusive, and, in particular, not 
yet sufficiently well marked out from a thermochemical standpoint in 
regard to the energetics involved, to justify the assertion that the regular, 
or nearly regular, tetrahedron possesses general validity as a model for the 
carbon atom. Up to the present, however, all previously made objections 2° 
have failed to furnish sufficient proof, since they are all based on comparisons 
of reaction velocities, dissociation constants of acids, and similar methods 
of proof, all of which may be drawn upon for judgement only with consider- 
able reservations, as already mentioned, and which will be explained in 
greater detail in another connection later on. However, one must always 
still reckon with the possibility that under certain special circumstances 
compounds that deviate considerably from the tetrahedral formand symmetry 


*02 Especially by THorpe, INGotp and their coworkers. For the literature see Strain 
Theory, p. 76, etc. The unsatisfactoriness and inadequacy of the data so far collected 
for purpose of proof is admitted by the English authors in view of their observations 
on the chemical and physical properties of methylcyclohexane-1,1-di-acetic acid. 
These latter data lead to partially mutually contradictory conclusions, See especially 
Dj SGIvesY RAP: LINSTEAD, and H. L. RILEy, J. Chem. Soc., (1932) 1095. Compare 
also the observations of R. D. Desal, ibid., (1932) 1047 as well as his remarks on pp. 
1053—1054. Furthermore W. L. GERMAN and A. I. VOGEL, ibid., (1937) 1108. 
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may still possess a practically normal energy content; thus, forexample, the 
existence of a compound such as 2 





COOH 


gives rise to such thoughts (Assuming that the structure assigned is really 
the correct one 2°), The heat of combustion that would decide the question 
has not as yet been determined. It is certain, however, that such exceptions 
will be rare. 

In the case of the crystal lattice of the diamond, the exact tetrahedral 
arrangement of the atoms has been established by X-ray structure determi- 
nation. This diamond lattice may be conceived of as consisting of a multitude 
of layers of cyclohexane rings one above the other 7, with all adjacent 
tetrahedra standing inverse relative to one another. The distance between 
the carbon atoms is the same as in the aliphatic compounds. 


—_ 


7 x 


Inverse Mirror Image 
Fig. 21. Position of the Tetrahedra. 


The cyclohexane ring layers can also be built one upon the other in 
another manner, if the tetrahedra connecting the layers are placed into 


203 R, M. BEESLEY and J. F. THorPE, J. Chem. Soc., 117 (1920) 602. 

204 The constitution has been assumed on the basis of its synthesis, assuming the 
principle of least possible change in structure, the saturated character relative to 
KMnO, and Br,, as well as on the formation of methylsuccinic acid on oxidation. 
During the synthesis, however, a hydrogen bromide type of fission from a pinacolin 
type of bromide: 

CHBr—COOH 
H,0—CCHBr—COOH 
\CH,—_COOH , 


does take place. For a discussion of such reactions see This Text, Chapter VI. 
205 A No p, Z. Krist., 48 (1911) 321; also E. Monr, J. prakt. Chem. [2], 98 (1918) 


315. 
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Thus BrEpDT at one time said 2", ‘““The assumption of valence units as 
“directed forces” in particular, and also the distribution of these attrac- 
tive forces to the four corners of the tetrahedron, instead of combining 
them into a resultant force, may well be little to the liking of the strict 
physicist.” 

Since, as seen from a physical standpoint, the hypothesis of separate 
forces appears to be impossible, and in the last analysis amounts only to 
a physically enticing circumscription of the geometrical facts, it fell into 
discredit with many investigators, who then preferred WERNER’s hypothesis. 
This latter, as has however been said, also does not take sufficient account 
of the actual facts. 

In reality the use of pictures borrowed from classical physics will not lead 
to an interpretation of the stable positions of the atoms as they are visually 
represented by atomic models, nor to an interpretation of “‘directed valences’’. 
This is true not only of the isomerisms of saturated compounds deduced 
therefrom, but also just as well for the c7s-tvans isomerism of the ethylene 
derivatives, and for the corresponding syn-anti-isomerism of the C = N-bond, 
which has been investigated particularly in the case of the oximes. In this 
case an estimate of the effective forces of the atomic groups not directly 
bound to one another, and yet seeming to be fixed relative to one another 
in space, is possible by physical methods. Depending on the magnitudes of 
the attracting and of the repelling forces, which are calculated in terms of 
electrostatic central forces, one finds that on turning the substituents about 
the > C = C <-axis, one obtains either one energy minimum, or there are 
two. If then the forces holding the atoms in the cis- and trans-positions 
were really of this kind, this type of isomerism could not arise in all cases, 
but must cancel out in those cases in which there is only one energy minimum 
to guarantee the stability of the position. Now it is a fact that the two 
isomers predicted by the VAN ’T Horr theory have always been found, if 
at all earnest efforts to find them have been made. This has been true 
entirely regardless of the nature, and hence also of the force effects, of the 
groups, as illustrated by the compillation of cases below: 


H—O=CH, CH=CH H—C—Cl Cl-C_H 
H—C—CH, H—C—CH, H—C—Cl H—C—Cl 
Cis- trans- cis- tvans- 
Dimethylethylene Dichloroethylene 


igs 5 is BReprt, Studie liber die rdumliche Konfiguration des Camphers und einiger 
setner wichtigsten Derivate (Studies on the Spatial Configuration of Camphorand Some 
of its Most Important Derivatives) in Wiillner Festschrift, 1905, p. 99. 


vitt 
sc Cidiiaiadil HOOC—C—-H 

) | 
H—C—COOH H—C—COOH 


Maleic acid Fumaric acid 


H—C—COO’ 
| 
H—C—COO’ 
Neutral maleate 
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H—C—COO’ ‘OOC—C-—H 


| | 
H—C—COOH H—C—COOH 
Acid maleate Acid fumarate 
“‘OOCG—C— Hi 


H—C—COO’ 
Neutral fumarate. 


Further than that, an estimate of the strength of the force effects, and 
thereby of the magnitude of the energy minima, leads to such small values 
that the actually observed stability of many of the cis-trans isomeric 
ethylene derivatives could not possibly be obtained. The same is true of the 
oximes in which, contrary to what was long assumed, the presence of aromatic 
or unsaturated substituents is not a prerequisite for the existence of two 
forms. (Cf. p. 82, footnote 49). It is of course also true that while such 
classically estimated force-effects do not suffice by themselves to explain 
the stability of two forms, they are nevertheless of some influence on this 
stability. 

The rigidity of the double bond in the VAN ’t Horr model with respect 
to rotation, as a consequence of which the substituents bound to the doubly- 
bonded carbon atoms seem to be held fast in space, and indeed in a single 
plane, can not be understood, anymore than can the tetrahedral arrangement, 
by means of the pictures derived from classical physics. It was only with 
the development of quantum theory that an understanding of these things 
has become possible, as shown by the considerations and discussions carried 
out by E. HicKer 71%, These considerations can not be repeated here; 
merely the result will be mentioned. The two characteristic planes given by 
the model of VAN’t Horr, i.e., the plane in which the doubly bound atoms 
and the substituents lie, and the plane of the bent valences, appear to be 
distinguished from planes lying in other possible directions by the especially 
high charge-density of the bonding electrons. This charge-distribution acts 
to create a considerable resistance to rotation of the substituents about the 
C —C-or the C = N-axis. The bending of the valences has no physical 
significance. The distance of the carbon atoms is then to be assumed as 
only slightly changed relative to the distances of simply bound atoms 24 (Cf. 


also Chapter XVII). 


212 Compare W. HUCKEL and M. Sacus, Ann., 498 (1932) 106; W. HUCKEL and 
W. Do xt, ibid., 526 (1936) 103. For the same reason, Swietoslawski’s hypothesis of 
the deformation of trivalent nitrogen (ibid., 491 (1931) 281) must also be regarded as 
refuted. Cf. also A. Hantzsch, ibid., 491 (1931) 284. 

23 &, HtcKeL, Z. Physik, 60 (1930) 423; Z. Elektrochem., 36 (1930) O41. 

214 W. G. PENNEY, Phys. Rev., [2], 43 (1933) 1048. 
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In a similar way, the tetrahedral model of the four atoms bound to a 
single carbon atom has also found its quantum-theoretical explanation *!’. 


(ix) MACROMOLECULAR SUBSTANCES AND THEIR SPATIAL STRUCTURE 


The extension of chemical structural formulas to space-formulas, which can 
be derived from the atomic models by means of the principles of stereo- 
chemistry, allows of an application of the principle of atomic linking 
in all three dimensions. Since carbocyclic and heterocyclic rings of five 
and more atoms are free of strain, a space-network of such rings in the 
most varied combinations is conceivably possible. As yet only a very few 
carbocyclic compounds of this type have become known, as for example 
bi-cyclo-octane, bi-cyclo-nonane, and adamantane (See p. 98), in which, 
moreover, the extent of the network lattice is still rather modest. On the 
other hand, we know of such lattices containing hetero-atoms that reach 
extraordinary size; they enable us to recognize that fundamentally there is 
no limit to the development, not only of aliphatic, but also of other, chains. 
Substances of exceedingly high molecular weight, and which possess a chain 
structure, as well as such of which the atoms form a net-work, are known. 
A running chain of numerous like building blocks attached one to the other 
is represented, for example, by cellulose, a branched chain by starch, 
and space-networks of three dimensions and great extent by the artificial 
synthetic resins. As yet the methods of preparation for such giant- or 
macro-molecules, that extend in all three directions of space, do not enable 
us to obtain a uniform net-work, with known mesh-size. The investigation 
of the spatially, as well as of the linearly, constructed macromolecules can 
be conducted not only by the usual means of structure-determination used 
for small molecules; for in this case chemical structure determination can 
be supplemented also by colloid-chemical and physical methods. The new 
kinds of problems #16 that arise thereby can only be treated in Volume II, 
Chapters XV and XVI, in connection with our discussion of the relations 
between constitution and physical properties. Here we can only refer 
briefly, and quite generally, to the existence of chain- and of net-formed 
macromolecules, as a consequence of the principle of atomic linkage, and 
of the concept of the spatial structure of molecules 217, 


15 F. Hunn, Z. Physik, 73 (1931) 1, 565; 74 (1931) 430. 
*16 L, Pautina, J. Am. Chem. Soc., 53 (1931) 1367. 

*17 For a discussion and criticism of these attempts at an interpretation, see J. H. vAN 
ViEcK, J. Chem. Phys., 1 (1933) 177, 2109. 


CHAPTER III 


OXONIUM COMPOUNDS, ORGANIC MOLECULAR 
COMPOUNDS, AND COMPLEX COMPOUNDS 


(t) GENERAL INTRODUCTION 


The principles that led to the establishment of formulas for organic com- 
pounds, the doctrine of atomic linkage and the doctrine of the valence of the 
atoms, the latter deepened and amplified by the electron theory of valence, 
do not suffice, even after their extension by the concept of the relative 
positions of the atoms in space, to derive therefrom alone the constitutions 
of all organic compounds. On the one hand we observe the possibility of the 
union of valence-chemically saturated compounds to form molecular com- 
pounds; this fact demands a broadening of the original valence-theory. Then 
there are also compounds in which individual elements function with abnormal 
valences, lower than their usual normal valences; this fact demands a delimit- 
ing of the predictions of the old valence theory. The molecular compounds ** 
together with the complex compounds that could not be dealt with or con- 
structed by means of the old valence-theory, will be discussed in Chapter ITT, 
the compounds with elements of abnormal valence in Chapter IV. 

As already stated earlier (Chapter I, Section vii, p. 44), the oxonium com- 
pounds, which were formerly classified along with the molecular compounds, 
can be formulated very readily in terms of the electron-theory of valence. Here, 
however, differently from the ammonium compounds, the limits of applica- 
bility of the theory also appear quickly, in that in several cases it remains 
questionable whether or not the compound should be formulated as an 
oxonium salt analogous to an ammonium salt, while in still other cases a 
salt-type formulation does not do justice to the properties of the compound. 


1 The complete material regarding organic molecular compounds has been collected 
and recorded in the book by P. PFEIFFER, Organische Molekiilverbindungen (Organic 
Molecular Compounds), 2nd edition, in “Chemie in Einzeldarstellungen”’, Vol. XI, 
Stuttgart, 1927. The reader interested in the complete literature is referred thereto; 
here we shall not give references to all the publications. 

2 For the more recent developments, since 1927, the papers in the Pfeiffer- 
Heft, Z. angew. Chem., 62 (1950) 201 etc., give a good account. See furthermore, 
F. Hern, Chemische Koordinationslehre (Theory of Chemical Coordination Compounds) 


S. Hirzel, Leipzig, 1950, especially in Section I, pp. 374 etc. 
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For this reason, as an introductory transition to the molecular compounds, 


some data and facts on the oxonium compounds will be assembled to clarify 


the nature of the problem. 


(1) OXONIUM COMPOUNDS 


While the nitrogen in ammonia possesses one lone or unshared electron pair, 
the oxygen atom in water has two. Usually, however, only one of these actually 
functions in addition reactions, so that in the oxonium compounds the oxygen 
appears to have a coordination number of 3. The close relationship of the 
oxonium and the ammonium compounds is shown by the existence of acid 
hydrates that conduct the electric current, and the formation of which from 
the non-dissociating ‘anhydrous acids’’ (acid anhydrides) may be compared 
with the formation of the ammonium salts. The proof is most impressive for 
the case of the comparison of perchloric acid monohydrate, HClO, H,O, 
and ammonium perchlorate, HClO, - NH3. Both substances exhibit the same 
lattice structure in the crystal state; they are isomorphous. Furthermore, 
the heats of formation for the hydroxonium and the ammonium salts are of 
the same order of magnitude 3. In accordance with all these facts they 
should be formulated in a similar way,—[OH;]|ClO, for hydroxonium per- 
chlorate, and [NH,]ClO, for ammonium perchlorate *. 

The ‘hydrogen ion” present in the aqueous solution is not the hydrogen 
nucleus or proton H’, but rather the hydroxonium ion [H;0]*, corresponding 
to the ammonium ion [NH,|’, just as A. HANTZscH recognized alreadya long 
time ago. The substitution-replacement of the hydrogen in water by organic 
radicals leads to the organic oxonium derivatives, which are indeed formed 
from both alcohols and ethers. These were formerly considered to be com- 
pounds with tetravalent oxygen, and, because of this abnormal “‘tetravalency 
of oxygen” attracted particular attention immediately after the discovery of 
the first oxonium salts by J. N. COLLIE and THEO. TICKLE (See This Text, p. 
136). Actually, however, the oxygen therein is just as little tetravalent as 
is the nitrogen in the ammonium salts truly pentavalent. These onium salts 
are rather heteropolar compounds in which the anion must not be written 
as bound to the central atom by means of the valence-dash otherwise used 
to symbolize a homopolar bond, and as is the case for the ligands that lie 
in the first or true valence sphere about the central atom of the cation. 

There are, of course, also addition compounds of water, of the alcohols, and 
of the ethers, that are not such salt-like oxonium compounds. In the case of 
water these are the hydrates of salts, for which there exist also anologies of 

3M. VoLMER, Ann., 440 (1924) 200. 


* W. TscHELINZEFF (CHELINTSEV) and N. Kostow (Koztov), J. Russ. Chem. Soc., 
46 (1914) 708; Chem. Zentr. 1915, I, 828. = 
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alcohols or ethers complexly bound to metal, just as for ammonia and the 
amines. Here too the oxygen with its two unshared electron pairs effects the 
bonding to the metal atom. This bonding is, however, relatively loose, and 
due in the main to the electrostatic forces between it and the ligand of polar 
structure with its negative end turned toward the central atom, provided we 
leave out of consideration the extreme cases of the penetration-complexes, 
such as 


/; NH,—CH, 
Co(NH;),, or Co | 
\: NH,—CH, 


‘3 


Among such loose addition compounds are for example 


eA \ | 
[Mg(OH_),]Cly ; col \e: ((C,H5).0],5nCl,, 
the Grignard compounds ‘a F 


SS 
as OR,, or more frequently, 


R. «OR, 
Mg , where X = halogen atom. 
eo OR 

The simplest molecular compound of.an ether, and one which cannot, in 
view of our present knowledge of the chemical bond, be formulated as an 
oxonium salt, is that formed from dimethyl ether and hydrogen chloride gas, 
and discovered by FRIEDEL ® already in 1875. It boils at—2°, i.e. consider- 
ably higher than either of the components (—24° and —85° respectively), and 
exists also, according to vapor-density determinations, in the gas phase at 
not too high temperatures. Unlike the ammonium salts, that dissociate com- 
pletely on thermal evaporation, this ether-hydrogen chloride compound is 
hence not salt-like. (It is of course true that the temperature of vaporization 
;s much lower in this case than it is for the ammonium salts, and that possib- 
ly the comparisons should be made for more nearly equal temperatures 
in the molten, and in the dissolved states (F.H.R.). With our modern 
knowledge of the nature of intermolecular forces it is possible to say that the 
two component molecules are held together by these intermolecular forces, 
as represented by the already long-used notation (CH,),0-++-Cl. On the 

' CH ~ HH 
other hand it is necessary to reject such formulations as O , as well 
GHC! 

also as [(CH),OH CI. For further details see Vol. II, Chapter XIV, Section vii. 

In the case of some substances classified as oxonium compounds it is not as 


5 Cy. FRIEDEL, Bull. Soc. Chim. France [2], 24 (1875) 160, 241; Ber., 8 (1875) 
642, 777; O. Maass and M. M. Morrison, J. Am. Chem. Soc., 45 (1923) 1675; J. SHIDEI, 
Mem. Coll. Sci. Kyoto Imperial Univ. (A), 9 (1925) 97; also Chem. Zentr. 1926, I, 812. 
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yet clear whether they are typical salts or molecular compounds of the 
dimethyl ether—hydrogen chloride type, even though the substances in 
question are known only in the crystalline state. The fact that many of the 
oxonium salt suffers a much greater degree of hydrolysis than do the ammo- 
nium salts handicaps one in drawing conclusions as to the nature of the bonds. 
For this reason, occasional use will also be made in what follows of the dot- 
ted line from the oxygen to the hydrogen as a symbol for the type of bond 
involved, although, in the main, typical oxonium salts will be used as exam- 
ples for this type of compound. 

Tertiary oxonium compounds of salt-like character, which are however 
rather readily again decomposed, can be prepared by means of boron 
trifluoride, or such metal chlorides as show a strong tendency toward 
complex-formation ®, In this way triethyl-oxonium-borotrifluoride is formed 
from boron trifluoride-ethyl etherate and epichlorohydrin: 


3ClI—CH,—_CH-——-CH,, + _4(C,H;),0 : BF, + 2(C,H;),O0 = 
Oa 


ee bi 
= 3! 





H 
"OMe 
Cs 


BF, + Gamer eee. B: 


Qj 3 


and triethyl oxonium-antimony hexachloride from ethylene oxide and the 
etherate of antimony pentachloride, 





CH, CH, + 2(C,H;),0:SbCl, = 


WOA 
[Ge ORSbGL 4b CHO CHS art sy hel 
The acid fluorides unite with boron trifluoride to form carboxonium salts bie 


CH,C=0 + BF, = [CH,C=O] BF,. 


Oxonium compounds, which likewise resemble the salts much more 
closely than do the simple addition products of acids to alcohols and ether, 
are the molecular compounds formed between acid molecules and carbonyl 
compounds. These unite for the greater part according to the scheme, 


° H. MEERWEIN, Lecture at the Convention of the Southwest German Chemistry 
Instructors, April 1939; compare also Osterr. Chem. Ztg., 42 (1939) 320; H. MEERWEIN, 
E, BATTENBERG, H. Gotp, E. Preit and H. WILLFANG, j. prakt. Chem. (2), 154 (1939) 
83; H. MEERWETIN, G. Hiwz, P. HOFMANN, E, KronincG and E. PFEIL, [bid., 158 (1941) 
287. See also the comments and paper of D. KAstnrr, Z. angew. Chem., 54 (1941) 302. 
Also H. MEERWEIN, U. EISENMENGER, and H. MATTHIAS, Ann., 566 (1950) 150. 
teres also FIAT Review of German Science, Vol. 34, Theoret. Org. Chem. I, pp. 
39, etc. 


7 F. SEEL, Z. anorg. Chem., 250 (1943) 331. 
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In place of the HX we may also have metal salts such as CaCly, SnClj, 
ThCl,, SbCl;, etc. etc. The salt-like character of these molecular compounds 
is especially strongly pronounced in those formed from unsaturated ketones 
and aldehydes in which single and double bonds alternate (so-called con- 
jugated double bonds). The number of the double bonds has no effect on 
the stoichiometric composition of the molecular compounds. Two of the 
many examples of this type are: 


- : 
€ S-cH=cHY | 
| 


0-0 


nam C10, 8 
HCH=CH 





Diben zalacetone-perchlorate ; 


« 
ae | <  >-CH=CH—CH=CHY 
| < >-CH=CH—CH=CH~ 


Dicinnamalacetone-perchlorate. 


eeso -H ae 9 
oe 


These molecular compounds of the oft by-themselves already colored 
unsaturated ketones are often distinguished by their especially intense 
colors; their light-absorption spectra are shifted toward longer wavelengths 
as compared with those of the ketones themselves. Since the compounds 
with acids are salt-like in character, this phenomenon is known as halo- 
chromism 1, even though it occurs also in the formation of non-salt-like 
molecular compounds, as with tin tetrachloride and other substances. 

In the case of one class of unsaturated ketones, of structures similar to 
those cited above as examples, and which also yield pronouncedly salt-like 
oxonium compounds with strong acids, though they do nevertheless possess 
special structural peculiarities, this formulation as oxonium compounds 
does not seem so evident without further consideration. This is the class of 
the cyclic ketone compounds of the pyrone and condensed pyrone types: 


8 K, A. Hormann, H. KirMREUTHER and H. LecueEr, Ber., 42 (1909) 4864. 
9 P, PFEIFFER, Ann., 412 (1916) 253. 
10 A. y. BAEYER and V. VILLIGER, Ber., 35 (1902) 1190. 


OXONIUM, MOLECULAR AND COMPLEX COMPOUNDS Ill 


136 

OR AW OX, fA ee N92 
HC CH | CH rt ie 

a | hoy eH taanidies: tie: A aye 

: \ fy 

HC CH XR Ae Nc7 Ailing alin 

ers 4 ~€ be ; i 

O O 
O 

y-Pyrone Chromone Flavone Xanthone 


as well as of their derivatives. In view of the doubts that still exist as to 
the structure of the oxonium salts of these compounds ™, it seems necessary 
to restate the chemical and the physical arguments that make a certain 
formula very probable. The constitution of the y-pyrones is discussed again 
in more detail in Vol. II, Chapter XVII. 

The formulation of the oxonium salts, the first example of which was 
discovered by CoLLiE and TICKLE in 1899 in the form of the readily 
prepared dimethyl-y-pyrone, 

CH. Ges 
H-¢/-H 
| 
O 
seems at first sight to be quite simple by reference to the analogy with the 
addition-compounds of the unsaturated ketones, as for example: 


i CHivy FH 
| | 
C=——— C 

oh | 

| a C=O) EL | C1O,. 
| | 

ie. GH as af 


The representation of this substance as a salt is in any case justified by 
the fact that on electrolysis of a strongly hydrochloric acid solution of 
dimethyl-pyrone, the dimethyl-pyrone migrates with the hydrogen to the 
cathode 18. Oxonium salt formation on the ether-like oxygen is improbable 
for the reason that ether-oxygen shows, as already mentioned, a much 
lesser tendency toward the formation of molecular compounds than does 
carbonyl oxygen, and because molecular compounds in which ether- 


11 P, PFEIFFER, Organische Molehiil-V erbit dungeyr gani B 
ABE iy nda indungen (Organic Molecular Compounds), 
* J. N. CoLiie and Tu. Tickte, J. Chem. Soc., 75 (1899) 710. 
lransference experiments by A. Corun, Ber., 35 (1902) 2673 
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oxygen effects the union never otherwise exhibit the phenomenon of 
halochromism. 

The above formula for the cation does not, however, do justice to the 
chemical behavior of the oxonium compounds. Just as tri-substituted 
ammonias can react with alkyl halides to yield quaternary ammonium salts, 
so also does dimethylpyrone form a salt ## with methyl iodide. This is 
converted by ammonium carbonate, even in the cold, into a pyridine 
derivative, methoxylutidine }°. 

This reaction is well represented by the following reaction formulas: 


4 /~O—CH; 
7~C<O—CH, | wee 
HC CH I NH, HC CH 
| ! | Sierras ! | 
H,C—C C—CH, | H,C—C C—CH, 
G SOF | Nae 
Dimethyl-y-pyrone ::- Methoxy-lutidine 
-++methyl iodide x,«’-Dimethyl-y-methoxy-pyridine. 


According to this reaction scheme, the molecular compound contains a 
benzene-like ring, completely corresponding to the pyridine ring. 

Other reactions also lead one to the assumption of a bond-shift with forma- 
tion of a benzene-like ring. Dimethylpyrone reacts with methyl magnesium 
iodide, not in accordance with the usual Grignard reaction to forma tertiary 
alcohol (I): 


ss ON Zon, : 
Peg aes aCCH; Gites | OCH, Lies c—CH, 
i | i | | 
Hoe “cH He. | CH H-C_ CH ClOg 
ie “CF | C 
ia Pas = | 
CH, 0H Hc ClO, | CH, 
I Il Ul 


but rather to form a base which is able to form salts 1®. We will not be 
inclined to assign to these the formula II, for while there are compounds 
in which the carbon also can participate as a cation (See p.142), they are 
rare. We shall therefore prefer the formula III according to which the 
compound is conceived of as a trimethylpyroxonium salt. 

Further purely chemical reasons for this point of view are found from a 
comparison of the mononuclear and the polynuclear pyroxonium compounds 


14 fF, KEHRMANN and H. DuTTENHOFER, Ber., 39 (1906) 1299. 


15 A. von BAEYER, Ber., 43 (1910) 2341. 
16 A, vy, BAEYER and J. Piccarp, Ann., 384 (1911) 208; 407 (1915) 332. 


138 OXONIUM, MOLECULAR AND COMPLEX COMPOUNDS Ill 


of pyrone, chromone, flavone and xanthone with compounds which certainly 
contain no keto-group, the reactions of which are however very similar to 
the reactions of the pyroxonium compounds. These are the pyrylium and 
benzopyrylium compounds 1’, Their mode of formation permits of no 
formulation other than that with a benzene-like nucleus or ring. Thus, 
for example, when cinnamalacetophenone is heated with acetic anhydride, 
glacial acetic acid and ferric chloride as oxidizing agent, a diphenylpyrylium 
salt is formed: 








u H 
Cc aes 
Hota CH ay ye 
| | hn 
Ha) GHC HB; H;C,—C C—C,H; 
H,C, 
CH,COO— 


The ring of the benzopyrylium compounds is formed by condensation 
of salicylic aldehyde with aldehydes and ketones; here the reaction can 
be followed or carried through stepwise, without isolating an intermediate 
product. 








R, 
Ry 
ot He oeteeRs | | 
| CH=C—C—R a 
CY lee Sa Lot yates 
\ SS =f Ot > end 
Sv een VNor4+H N02 as 
ie Ac — 
Ac = CH,COO- 
R R ites MRR Sy 
met R 
C= OS) HOO R o ie 
| Wi 
CXcers 6U ar aGE se 
Cl Pe ee 


The benzopyrylium ring can also be formed from already closed ring- 
shaped compounds, as for example in the reaction of coumarin with methyl- 
magnesium bromide, followed by decomposition of the addition compound 
by means of an acid, HX: 


7 On the subject of the pyrylium salts and their formulation see H. DECKER and 
oA Dearest 356(1907) 281; 364 (1908) 1; W. DittuHeEy, J. prakt. Chem. (2) 
94 (1916) 52; 95 (1917) 107; Ber., 50 (1917) 1008; 52 (191 : 252, 
pede ae) (1917) 52 (1919) 1195, 2040; 53, (1920) 252, 
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7 ots | 

Oe ee a Ce 
pet ara o¢—CH, 
CH, | ) 

x- 


a 








All of these purely chemical reasons make it probable that salt-formation, 
as in the case of dimethylpyrone, involves the formation of a benzene-like, 
oxygen-containing nucleus with a positive charge, after perhaps a primary 
addition of the acid-hydrogen atom on to the carbonyl oxygen has already 
taken place. In the end-effect, however, the ether-oxygen atom appears 
as Oxonium oxygen, which is then no longer bound by ether-like ties: 


CH, aE aa CLs ae 
C=CH (cH 
Pi eee, —__ a6 Oye 
Pecies eter 
| tn, | byedars | 














By a comparison of the physical properties, and without carrying through 
any kind of chemical attack, one can also determine the presence of a 
benzene-like ring in the pyroxonium and in the hydroxypyroxonium com- 
pounds. Such a proof is obtained from the investigations of HANtzscu ¥* 
on the comparative light-absorptions of these substances and the corre- 
sponding pyridine derivatives. First of all, salt-formation in the case of 
dimethylpyrone causes the disappearance of the absorption bands charac- 
teristic of the carbonyl group. In the salts the influence of the substituents 
in the pyroxonium and the pyridonium compounds is the same, if, for 
example, the CH, group is replaced by CH,0O. 


fa 63 mae i OH + 
N | corresponds to : | 
| Goons | Saou | 
a | : | 
Dimethylpyrone salt = Hydroxylutidine salt = 
hydroxy-dimethylpyroxonium hydroxy-dimethylpyridonium 


18 A. HantzscuH, Ber., 52 (1919) 1535- 
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OCH, i” OCH te 
| | 
| corresponds to | 
| 
| 


| 
i \ 
HC )—CH, 


| 
Heske CH, 


H 
Methoxy-dimethylpyroxonium Methoxy-dimethylpyridonium 
Ci wigs CH, Gy 
| | 
NN corresponds to | i \ 
H,c_| be lbery | HC n7 Css 
a = | 
H 
Trimethylpyroxonium Trimethylpyridonium (= Collidine salt). 


Corresponding to the oxonium compounds in their structure are the 
sulfonium compounds. Since however the latter offer nothing fundamentally 
new for the systematics of the molecular compounds, it may suffice here 
merely to mention their existence. For the same reason also, the phos- 
phonium and arsonium compounds of structures analogous to the ammo- 
nium compounds will only be mentioned ?%. 

In the case of the oxonium compounds here discussed the salt-nature is 
beyond question. Nevertheless there are several cases for which there may 
be doubt as to the salt-like nature of a compound, and also other cases for 
which a salt nature must be considered as excluded. An impressive example of 
the last kind is that of the already mentioned dimethyl ether—hydrochloride. 
Here we evidently have a molecular compound which owes its union to a 
special kind of intermolecular forces. The nature of these will not be discussed 
here where only the systematics is of interest ; somewhat more on this matter 
will be given in Vol. II, Chapter XIV. The case of the existence of a mole- 
cular-compound in the gas-state, as for dimethyl ether—hydrochloride, is 
exceedingly rare. Furthermore, some molecular compounds are capable of 


The phenomena of isomerism found by Hantzsch (Bery., 52 (1919) 1544) in the 
pyroxonium- and pyridonium- as well.as in the phosphonium- and arsonium iodides, 
can be explained by means of structural isomerism; the so-called pseudo-salts corre- 
spond to formulas of the type, 


X 


ye 7 Y XS | 
>< Nac the true salts to those of the type < N—CH, |X 
He hes : =/ 


(Yellow) (Colorless), 


Cf. A. Hantzscu and A. Burawoy, Ber., 65 (1932) 1056. 
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existence only in the solid crystalline state, some only in melts, some only 
in solution, while others are equally capable of existence in the crystalline, 
in the molten, and in the dissolved, states. 

From the arbitrary standpoint of systematics, and following PFEIFFER, we 
distinguish between inorganic-organic molecular compounds, and purely 
organic molecular compounds. The former are arranged in order according 
to the nature of the atom that effects the bonding between the organic and 
the inorganic components. Insofar as this may be a nitrogen or an oxygen 
atom, and provided no oxonium compound is involved, we are dealing with 
analogs of the inorganic ammines or hydrates, as A. WERNER already re- 
cognized when he compared the ethylene diamine, H,N—CH,—CH,—NH, 
complexes, among others, with the ammonia complexes. Being generally 
already well-known, they need concern us no further. There remain the 
molecular compounds in which organically bound halogen or carbon itself 
effects the linkage to the inorganic component. It is with these only that we 
shall now deal. We shall also pass by the addition compounds involving 
sulfur, phosphorus, or arsenic as bonding atoms, and usually referred to as 
inorganic complex compounds ”°. 


(iii) ADDITION COMPOUNDS WITH BONDING TO THE HALOGEN 


A halogen atom attached to an organic radical possesses three unshared 
electron pairs, as shown by the formula, 
H 
ByaC. li: 
H 

These are, however, by far not so reactive (bonding-happy) as is an 
unshared electron-pair on nitrogen, or one of the two unshared electron pairs 
on oxygen. 

Among the organic halogen compounds, however, we find little tendency 
toward the formation of stable molecular compounds. Such compounds are 
known in great numbers only in the case of triphenylmethyl chloride and 
related compounds; such as for example (C,H;)3CCl : AlCls, (C,H,),CCl : 
SnCl,; and (C,H;)sCCl : SbCl;. Unlike triphenylmethyl chloride, which 1s 
colorless, these molecular compounds are colored, and exhibit salt-like 
characteristics; here too then we meet with the phenomenon of halochrom- 
ism. The dissociation of these molecular compounds may proceed in two 
directions: the separate components may be reformed, or ions may be 

20 For further details see P. PFEIFFER, Organic Molecular Compounds, 2nd edition 


1927, pp. 158 etc., pp. 199 etc. Also F. HEIN, Chemische Koordinationslehre (Chemical 
Coordination Theory), p. 189 on phosphines, 430 on arsines, stibines, etc. 
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produced, involving the formation of the triphenylmethyl cation (See in 
this connection also the section on free radicals, Chapter IV, p. 234), as 
the following system of formulas in the electronic notation shows: 


—s al a fe “* oe 
linet (Gea leas Beata 
CHC Cle ae CLE 
oo Ai CH F C1: i 
Gini.) = Ch: wo a Peal ie 7 a 
8 FA Woh aad rl Gia W etal 64 | 
C,H; : Cl: Abeee CoHs 7 C1: i 
CHC. Cls - Al Cl® 
C,H; eo 


In the WERNER notation one may also formulate the molecular compounds 
of triphenylmethyl chloride, because of their salt-like behavior, as 


[(CgH5)3C]° [AICI,)’. 


Which mode of notation we use will depend on the reactions which we 
happen to be considering and wish to represent at the moment. We have 
here then, just as in the case of many oxonium compounds, a transition 
(or intermediate) step between a homopolar and a heteropolar bond, and 
which could not be given satisfactory expression in the usual notation 
used for the formulas (Compare also Chapter I, Pp. 30). 

Corresponding to the stable molecular compounds that can be isolated 
in the case of triphenylmethyl chloride, there may, in the case of other 
carbon compound halides, be certain similar, but unstable and short-lived, 
addition compounds. These may possibly however play a réle in the chemical 
reactions of the halides. The catalytic effect of the metal halides in the 
reactions of the organic halogen compounds, which must probably be 


ascribed to the formation of such compounds, will be discussed later on 
(Chapter VI, p. 420). 


(v) ADDITION COMPOUNDS WITH BONDING TO THE CARBON ATOM 


Molecular compounds of hydrocarbons are known only in a few cases; 


in general these are formed only with unsaturated 24 and aromatic hydro- 
carbons. 


* Complex compounds of olefines with metal salts; 


: comprehensive review b 
R. N. KELLER, Chem. Rev., 28 (1941) 229. : : 
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Ethylene is able, as already mentioned, to replace a molecule of ammonia 


in a molecular complex, as is shown by the example already cited, as well 
as by the complexes, 


Cl NH, Cl NH, 
Pt and Et 
Cl NH, Cl C,H, 
Dichloro-diammino-platinum and Dichloro-ammino-ethylene platinum. 


Formally it is possible in the electronic notation to take out two of the 
four bonding electrons of the double bond and to consider them as the 
electrons which take care of the bonding with the metal atom. 

Since however cis- and trans-butene-2 give different complexes with 
silver ion, from the decomposition of which they are recovered without 
any indications of isomerization 22, it would seem that the formulation of 
the salts as of the type, 


- - 


HN , | 
Ag | 
i 


[ 
| | : Ag analogous to 
| HAN” 





, 


could not be correct. How the double bond electrons participate in complex- 
formation is however still an open question. 

Formerly the addition-compounds yielded by mercury salts with unsa- 
turated compounds 28 were also sometines 74 looked upon as molecular com- 
pounds, because they react readily with acids to regenerate the unsaturated 
compounds. On the other hand, they yield no HgS with alkali sulfide, but 
rather some white sulfur compounds; indeed there are still further argu- 
ments 25 against looking upon them as molecular compounds; and for 
formulating them rather as normal valence compounds, with the mercury 
always attaching itself to that carbon atom on the unsymmetrically sub- 
stituted double bond that holds the larger number of hydrogen atoms. Thus, 


22 S. WinsTEIN and H. J. Lucas, J. Am. Chem. Soc., 60 (1938) 836. For a discus- 
sion of the molecular compounds of the stereo-isomeric ethylene derivatives, see C. 
WEYGAND and THEO. SIEBENMARK, Ber., 73 (1940) 765; C. WEYGAND and I. Rett- 
BERG, Ber. 73 (1940) 771; also FIAT Review of German Science (Natural Science and 
Medicine in Germany 1939—1946), Vol. 34, Theoret, Org. Chem. I, p. 77, Leibiger and 
Co., New York, 1951. 

283 K. A. HorMann and J. SAND, Ber., 33 (1900) 1344. 

24 W. Mancuot, Ann., 420 (1920) 170; Ber., 53 (1920) 984. 

25 K. A. HorMANN and K. LEescHEWSKI, Ber., 56 (1923) 123; R. Apams, F. L. 
Roman, and W. N. Sperry, J. Am. Chem. Soc., 44 (1922) 1781. 
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for example, the addition of mercury acetate in aqueous or methanolic 
solution, or so-called methoxy-mercuration, is formulated as a completely 
normal addition to a double bond: 


CH: He—O—COCH, CH,—Hg—O—COCH, 
oer oe + HO "==, | 

CH, O—GOCH, ¢H,—OH + HO-—COCH, 

CH Hg—O—COCH CH= Tp-0- CH, 

precited ie A eo GH, ta, | +4106 CO—CH, 
Che 0-CO-CH, CH OCH; 


In the case of the molecular compounds of aromatic hydrocarbons, the 
scheme with the bond between two atoms, as effected by means of two 
electrons, fails. This holds for the molecular compounds of antimony tri- 
chloride with aromatic hydrocarbons, which are compounded according to 
the scheme I (or 2) SbCl; - 1 C,H,, as for example 


2 SbCl,-C,H, and SbCl,-C,H,CH,. 


Here we must assume some sort of bonding directly between antimony 
and the whole molecule *°. 

To what extent we are dealing with real molecular compounds in the 
case of the reaction products of aluminium chloride and aluminium bromide 
with aromatic, and in part also with alicyclic, hydrocarbons 7’ must yet 
be investigated in detail for each individual case 78. Such molecular com- 
pounds have however been definitely established for the case of the trialkyl- 
ated benzenes and AlCl, and AlBr, ?°. Thus, for example, the complex com- 
pound of mesitylene, 

3 sym(CH,),C,H,-2AlBr,-HBr, 


decomposes in a high vacuum at 0.002 mm to evolve HBr and mesitylene, 
leaving behind sym-(CH3),C,H; - 2 AlBrg. 


hj ee | i ] a oa 
3 -  2| AIBr, | - | HBr | sre 
| H3C CH, | / 


18 ve = 





| CH, | | | CH, i) 
aa - 2| AlBr, |+.2 a | + HBr | 
Hc. cu, i 


26 For more recent and extensive investigation thereon, see: CH. SHiNomrya, Bull, 
Chem. Soc. Japan, 15 (1940) 259 = Chem. Zentralblatt 1940, II, 3168. 

=f N. D. Zetinsky and M. B. Turowa-Porrak describe a liquid molecular compound 
of cis-decalin with AlBr,; C,9H,,* 2AlBr,; Ber., 62 (1929) 1660, 

ps! Compare in this connection P. PFEIFFER, Organische Molekiil-Verbindungen (Or- 
ganic Molecular Compounds) 2nd edition, p. 211. : 

*” J. F. Norris and J. N. IncRranam, J. Am. Chem. Soc., 62 (1940) 1208. 
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(v) CHELATES OR “‘SCISSOR’’? COMPOUNDS %9 
(a) General Review 


By chelates or scissor compounds we understand complex compounds in 
which one molecule occupies ‘wo neighboring coordination positions or a 
central atom. It is then attached by two different positions, and thus forms 
in a way a pair of tongs or “‘crab-scissors’’, Greek yqAn, from which the 
word chelate ring, coined by MorGAn *!, has been derived. The linking 
of the molecule may be effected by various types of bonds; the type of 
bond may likewise be the same or different at each end tong of the pair 
or blade of the scissors. Depending on the number of the chelate-like scis- 
sors of one and the same atom bound to a central atom, we differentiate 
between one-, two-, three- and four-toothed or uni-, bi-, tri- and tetra- 
(or quadri-)dentate chelates. The number of the ring atoms in the chelate 
ring is usually five, six, or seven, hence the same number of links which 
one also meets especially frequently in the case of the carbocyclic and the 
heterocyclic ring compounds. This is not the place to go into further details 
of the systematics; we shall merely select a few important types of chelate 
compounds for purposes of illustration. 

Chelate or scissor compounds in which both ends of a molecule are bound 
in the same way to the central atom are illustrated by, among others, the 
acido-complexes of di-basic acids, as for example in the universally well 
known sulfato-, carbonato-, and oxalato-complexes such as, 


O | O—C=O | 

ae bas | 3.4 

(H,N), Co 50, | Cl K, ox( | | 
*sO-* Sing 6 Se 8) De 





Sulfato -tetrammino-cobalti-chloride Potassium-tri-oxalato-chromiate. 


In the sulfato- and the carbonato-complexes the chelate ring consists 
of four, in the oxalato-complexes of five members or links. The usually 
very stable oxalato-complexes are matched by the likewise stable complex 
compounds of malonic acid containing, however, a six-membered ring. 
Phthalic acid can form seven-membered, homophthalic eight-membered, 
chelate rings *°. 

The bonding of the acido-residue (or radical) in these complexes is effected 
by WERNER type “‘principal valences”’. In reality such a “principal valence”’ 
consists of two electrons, of which the one comes from the central atom 

30 Comprehensive review by H. Dieu, Chem, Rev., 21 (1937) 39-111. See further- 
more N. V. Sipewick, The Electronic Theory of Valency, Chapter XIV, pp. 233 etc., 
London, Oxford University Press (1929). 


31 G. T. MorGAN and H.D.K. Drew, J. Chem. Soc., 117 (1920) 1456. 
32 J. C. Durr, J. Chem. Soc., 119 (1921) 1982. 
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while the other comes from the scissor chelate arm of the complexly bound 
molecule. 

The two ends of the molecule in chelates of the type of the already long- 
known ethylene-diammine complexes (p. 133) are also (both) linked similarly, 
though by valences of the WERNER “‘co-valence”’ type. Here too each bond 
is effected by means of two electrons, which in this case however both 
come from the chelate arm of the complexly bound molecule. 

In the chelate compounds of the type of the boric acid complexes of the 
polyhydroxy alcohols, examples of which have already been mentioned on 
p. 86 (Compare also p. 108), the oxygen atoms are also bound similarly, in 
this case by homopolar bonds of the type present in ester bonds. Arsenic 
acid also forms chelate molecules, of similar complex structure, with various 
polyhydroxy-compounds, as do also arsino-acetic acid, (HO),As—CH,— 
COOH, and related compounds 33. 


(b) Internally Complex Compounds 


Of special interest are those chelates in which the two ends of the molecule 
are bound differently to the central atom; that is, on the one side by a 
“principal valence’, and on the other side by a “‘side’’- or “‘co-valence’’. 
These kinds of compounds are classed together as internally complex 
compounds. To the extent to which the principal valence is affected by 
participation of an acid group, we speak also of internally complex salts. 

The nature ** of the internally complex salts becomes most clear if we con- 
trast an internally and an open chain complex salt, as for example by a 
comparison of the copper glycocoll or glycine copper studied by Lry *5, with 
cupric-di-ammino-acetate : 


Cia Or ee Cart) OC Oe Claeet nt 
| peeves Rag Oe ace 
Cu | +Cu+ ad 
1504 oc Nee a re | HN "NH, | 
H, H, H,C ; 


°° B. Enctunp, J. prakt. Chem. (2), 122 (1929) 121; 124 (1930) 191. 

** For the structural and stereochemical aspects and points of view see P. PFEIFFER, 
Organic Molecular Compounds; also P. PFEIFFER, Ber., 77 (A) (1944) 59. 

°° H. Ley, Z. Elektrochem., 10 (1904) 954; G. BRunI, Ibid., 11 (1905) 93; G. BRUNI 
and C. Fornara, Atti Accad. Lincei (5), 13 II (1904) 26. 

°° The bonds the two electrons of which come from two different atoms (“principal 
valences’’) are represented here by drawn-out lines or dashes; the bonds that are 
effected by a lone electron pair derived from a single atom (‘‘auxiliary- or co-valences’’) 
are represented by two dots (WERNER writes only a single dot). In what follows too, 
we shall, where-ever it really makes any difference, make use of this distinction to 
show from whence the electrons come, In other cases we need not make this distinc- 


tion, and shall simply quite generally use the dash as the symbol for a two-electron 
bond. 
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This comparison seems to offer no new principle as to the types of the 
individual bonds; the principal valence is an “‘ionogenic’’ bond which can 
be broken by ionizing solvents, such as water, thereby undergoing electro- 
lytic dissociation, while the co-valence is a complex bond only broken by 
water with great difficulty, as illustrated by the stability of the [Cu(NHs3),4] °° 
complex. From these considerations it follows that the complexly bonded 
glycine can not be split off in aqueous solution. While the Cu-O-bond 
can ionize, under simultaneous hydration of the copper ion: 


OoCcC——_O-_ ~ O——CO 
H,O + OHey | 
+ + 
| roar 
H,G——-N.; No=-H., 
/\ /\ 
H, H, 


the glycine residue remains attached to the copper by the amino group. 
Only to the extent, however, that the bond between the copper and the 
nitrogen is dissolved, can electrolytic dissociation into two oppositely 
charged components take place. Since, however, the complex bond between 
the Cu and the N is quite stable, the electrolytically dissociated fraction 
of the dissolved molecules can be only very small. Corresponding to this 
the aqueous solution of copper glycine possesses only a very small electro- 
lytic conductivity. The solutions of the very numerously known and analo- 
gously built, internally-complex compounds, insofar as these are appreciably 
soluble in water, behave in the same fashion. 

With this, however, we have not yet described exhaustively the peculia- 
tities in the chemical behavior of internally complex compounds. The 
majority of internally complex metallic compounds are very difficultly 
soluble in water, and frequently also in other ionizing solvents; furthermore 
copper glycocoll itself is not to be numbered among what we ordinarily 
consider as readily soluble compounds. In order to understand this peculia- 
rity we must depart somewhat from the above sketched simple conception 
of “principal valence” as an ionogenic bond. That the bonding of an acid 
radical to a heavy metal is not always ionogenic is shown by the great 
stability of many acido-complexes. These can be found not only among 
the chelate oxalato-complexes mentioned above, but also among numerous 
acetato-complexes, and the complexes of other organic acids. Hence we 
must expect that among the internally complex compounds also, a very 
stable bond not subject to fission by water, or only with great difficulty, 
is frequently present on the acid side of the complexly bonded molecule. 
In such cases it is no longer justifiable to speak of internally complex salts, 
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for in general we understand by the term “‘salt”’ a compound subject to 
electrolytic dissociation in aqueous solution. If now, however, both arms 
of the chelate molecule are so strongly held in a complex type of bonding 
that the complex bonds can no longer be broken by water, then the whole 
uncharged complex will in general exhibit the slight solubility in water 
characteristic of so many organic compounds. 

The very slight solubility of many internally-complex metallic compounds 
has in many cases made them suitable for use in quantitative analytical 
precipitations. Let us cite a few examples. 

The internally-complex compound that has probably been used for the 
longest time in quantitative analytical chemistry is the red nickel-dimethyl- 
glyoxime (nickel-diacetyl-dioxime) *’. According to the investigations of 
PFEIFFER 38, and contrary to earlier views, the nickel must be assumed 
as bound on all four sides to the nitrogen atom: 


Oo HO 
HQC aaah Nit CCH, 
BS . 39 
Ni 
CoCo Nt) Nee CHE 
OHO 


The insoluble dyestuff lakes formed by the «-hydroxy-anthraquinones 
with aluminium, chromium, iron, and tin compounds should likewise be 
classified here; they must be counted as members of that large group of 
internally-complex compounds which are derived from the hydroxy-carbonyl 
compounds —, including the «, @-dicarbonyl compounds in their enol 
forms (Compare pp. 316, 317) as unsaturated hydroxy-carbonyl com- 
pounds #°, Thus for example, the well-known red tin-lake of tin chloride 
salts with alizarin corresponds to formula I; it can be obtained from the 
violet-black complex compound which is formed from alizarin and tin 
tetrachloride (represented by formula Il) by hydrolysis by water and py- 


ridine, and then forms crystals containing 1/2 mole of pyridine of crystalli- 
zation: ; 


37 L. TscHUGAEFF (CH g 5 
: Spree oe Be ees allgem. Chem., 46 (1905) 144. 
ee (ate thar pain aan notation using hydrogen bonds for both the two hydroxyls 
; ing two further six-m yas S : 
pea 5 sation aes a ik wae rings, was suggested by O. L. BrRapy 
“9 The dyestuff lakes derived from 2,3-dihydroxyanthraquinone (hystazarin), and 
other analogous compounds, possess a different structure : they are probably constit uted 
similar to the complex compounds of pyrocatechol with iron (III) salts, 
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| | 
iA: “se hydrolysis pee ie 
~ pee ye c% (on 


| 
| 
O 


6 > 
O 
PS yi is 
Sn Sn 
 fege * (| 
O OH Ci, 
I, red II, violet-black. 


Chrome lakes, or color resins, of octahedral construction about the central 
atom, derived from azomethines of unsymmetrical structure, such as 


NO, 
2 aes as well as from azocompounds, 
CH NO, 


have been resolved, in accordance with their spatial structure formulas, 
into optical antipodes *1. 

The simplest internally-complex hydroxy-carbonyl compounds are derived 
from acetylacetone as the simplest representative of the 1,3-dicarbonyl 
compounds, or, more exactly, of the mono-enol forms of these compounds 


(See p. 317): 
le sige haa a => CH,—C=CH—C—CH, 
| | 
O OH O 
Acetylacetone Mono-enol form of acetyl-acetone. 


The internally-complexly-bound metal replaces the hydrogen of the 
hydroxyl group, just as in the dyestuff-Jakes, and is linked on the other side 
to the carbonyl oxygen. Differently from the dyestuff-lakes, however, the 
metal here usually 42 exerts all its valences, 1.e. its valence electrons, with 
respect to the hydroxyl oxygen; it therefore binds as many molecules of 
acetylacetone as corresponds to its own valence, as for example: 


CH: CH; 
| 
C1) aes LaF nA 
ae A \ 
Sg Be CH and Al CH 
Riek ee 
Ca O=C soe 
| 
CH, CH, CH, 3° 


4. P, Prerrrer and S. SaureE, Ber., 74 (1941) 935. 
“2 Titanium as well as the non-metals boron and silicon constitute exceptions ; 


they form univalent cationic complexes with acetylacetone. W. DItTHEY, Ann., 344 
(1905) 300; J. prakt. Chem. (2), 111 (1925) 147- 
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As a result, these acetyl-acetonates are non-electrolytes, insoluble in 
water, but on the contrary soluble in many organic solvents. They are 
readily volatile, and distil undecomposed at temperatures up to above 300°C., 
hence fail to exhibit, in this respect also, any salt-like characteristics. The 
metal atom in them is masked as in the volatile organo metallic compounds 
of the di-ethylmercury type. 

Not volatile, and therefore already to be counted rather as of the type 
of the internally complex salts, are the heavy-metal “‘salts’”’ of the 6-ketonic 
acid esters (Compare p. 310 footnote 152) similar in their structures to the 
acetyl acetonates. Thus, for example, in the copper salt of the enol form of 
aceto-acetic ester, the carbonyl of the carbethoxyl group furnishes the two 
electrons necessary for the second bond to the copper atom. 

Further important internally-complex metallic compounds are the 
metallic complexes of indigo. In these one imido-hydrogen of the indigo is 
replaced by a metal atom united on its other side to a carbonyl group by 
a complex bond #3: 


O 
| H 
ee UN 
| SOCK y 
Oe Sart barre 
I 
* 
6 oe ey 
I sa 
G 
Vda ie ees >s 
Sel cH 
wes ae | 
\n7 SE YIN 
H | 
O 


In the copper porphyrin of HANs FIscHER “4 the metal is bound only 
to the nitrogen. The same is true of the structurally closely related, blue, 
metal-phthalocyanines of LinsTEAD *°. In these compounds we have represen- 
tatives of the four-toothed or quadridentate chelate compounds, in which the 
complexly bound metal is linked to fouratoms of the same molecule. In both 
of the parent substances, in porphyrin as well as in the phthylocyanines 
we find imido-hydrogen atoms on two of the four nitrogen atoms, and fer 


ae OR: KUHN and H. MAcHEMER, Ber., 61 (1928) 118, 

Fe H. FiscHer and W. Gieim, Ann., 521 (1935) E57, 

: ae P. LinstEaD and coworkers, J. Chem. Soc., (1934) 1016, 1017, 1022, 1027 1031 
Sts Sais 1719, 1739,1744; Ber. (A), 72 (1939) 93 (Review lecture). The iron compound 
of p thalocyanine is formed during the technical production of phthalimide from 
phthalic anhydride and ammonia in iron vessels. The iron can be removed bv acids 
leaving the blue phthalocyanine itself. y , 
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electron pairs on the other two. In the internally complex compounds the 
imido-hydrogen is replaced by metal, while the lone electron pairs take 


care of the bonding to both of the other remaining coordinating positions 
of the metal. 


na — —_ 
aX 2 Sm fan | i ge Beets pe oh 
| fi 


i ZB | ! vie C | 
anor 2 Phseks vos] 
C——N N—C C—N~w N——C 
Vi Same \ j ‘Te, \ 
N Cu N N N 
\ < ahs y . . A / 
C= N—C CaN “NC 
S CG C ~*~ G & | 
<2 Ves. atin / ane en 
eal ~ ae ae 
Copper phthalocyanin Phthalocyanin. 


Porphyrin is the parent substance of haemin, obtained by the action 
of a glacial acetic acid acid solution of hydrogen chloride on the coloring 
matter of the blood of mammals *: 


| CH H, CH, Rib 
HOOC-=CH, | | | 
(i) Baap Nee, | 
Fe Mine Ce 
Hie —C | | C= CH=CH, 
~ 
C—N N= 
y NS ‘. \ Gi 
ale Fe CE 
x *. 
C—N ineeee 
A | | \ 
2 ees @ | CCH, | 
| et Aye 7% 
Grae ye oe gi) | 
| | | | 
COOH CH, H CH=CH - 
Haemin. 


The chlorine can also be replaced by other anions. In haemin the trivalent 
ferric iron is held by internally complex bonds. Since the iron only replaces 
two hydrogen atoms in the non-complex protoporphyrin, haemin must 


46 W. Kuster, Dissertation Lacour, Wiirzburg (1907); Z. physiol. Chem., 82 (1913) 
463. The recognition of the symmetry of the “‘porphyrin (or porphin) nucleus” by 
Ktster is as great a feat of intuitive genius as the recognition of the symmetry 
of the benzene nucleus by KEKuL&. The experimental verification was carried out 
by H. Fiscuer, Amn., 468 (1928) 106. 
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constitute a univalent internally-complex cation which is united to an 
anion to form a salt. 

Internally-complex ions, cations as well as anions, are known in large 
numbers. As an example let us consider biuret copper, the bearer of the 
violet-blue color that is produced when biuret, H,N - CO -NH-CO+ NHg, 
is treated with a very dilute and alkaline solution of a copper salt: 


be eRe Yel Bay 
I | | 
af Xf 
Na, | HN Cu NH |“ 
C==N Ne 
| H = oe 7 
5 Sins 








The biuret reaction is also given by malonamide, CH,(CONH,)., in which 
CH, replaces NH, and by oxamide, (CONH,),, in which the central NH is 
absent altogether, as well as by egg albumins; in the latter case we are, 
however, instead probably dealing with analogously built polydentate 
chelate rings. 

Anionic internal copper complexes are also present in FEHLING’s solu- 
tion*’, and antimony complexes form in sodium-potassium tartrate solutions. 
However, in spite of the great amount of work done * to clarify matters, 
the structure of these complexes is not yet known with any degree of cer- 
tainty. 

A special class of internally-complex compounds with chelate rings is 
formed by those substances in which the hydrogen has taken over the 
function of the metal as a ring-member or link. Beyond this, however, 
it is also known more generally that a hydrogen atom can also effect 
the union of two molecules. Such hydrogen bonds, also called hydrogen 
bridges or bridge bonds, may for example effect the union of the two HF 
groups in gaseous hydrogen fluoride, H,F,, at temperatures not too much 
above the boiling point, the formation of double molecules in the vapor 
phase as well as in the crystal lattice (Compare Vol. IT, Book III, ChapterXV) 


“’ P. PFEIFFER and H. Graserr, J. prakt. Chem. (2), 151 (1938) 145. For a detailed 
proof see : P. PFEIFFER and S. Saurg, J. prakt. Chem. (2), 157 (1941) 97. On p. 107 of 
this article will be found a discussion and criticism of the somewhat different notation 
used by M. M. Ristnc, J. Am. Chem. Soc., 56 (1934) 1178. The notation of copper 
biuret as an internally-complex anion was first proposed by L. TscnuGAEFF (CHUGAEV) 
Ber., 40 (1908) 1975 (footnote 3). 

“8 P. PFEIFFER, H. Stmons, and E. Scurtz, Z. Anorgan. Chemie, 256 (1948) 318. 

“9 J. Packer and I. W. Wark, J. Chem. Soc., 119 (1921) 1348; I, W. Wark J 
Chem, Soc., 123 (1923) 1826; 125 (1924) 2004; (1930) 2474. “ee 
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of organic acids; as well as cause the association of the alcohols. This hydro- 
gen bond will be discussed in greater detail in the chapter on cohesion and 
constitution (Compare Vol. IT, Book III, Chapter XIV). It is sufficient at 
this point to establish the fact that such a hydrogen bridge can take the 
place of a metal atom in an internally complex compound; that it is hence 
possible not only between molecules, as an intermolecular, but also within 
molecules, as an intramolecular, bonding agent. This intra-molecular 
chelate-compound formation with hydrogen bondings explains the peculiar 
behavior exhibited in many cases by compounds which possess within the 
molecule, and in greater or lesser spatial proximity, a more or less readily 
ionizable hydrogen atom and an atom with a lone electron pair, and are 
therefore readily able to absorb or add on a hydrogen nucleus. 

Let us cite only a small number of the numerous compounds of this type. 

In o-nitrophenol the hydrogen atom of the phenolic hydroxyl group is 
bound chelate-like to an oxygen atom of the nitro-group: 


NO, 
Se . 
XH 
es et 


This bonding explains the strongly increased volatility of the ortho- 
compound as compared to m- and p-nitrophenol, for the intramolecularly 
occupied hydrogen atom of the hydroxyl group can no longer act externally 
to effect association (Compare Vol. II, Book III, Chapter XIV). 

In the case of salicylaldehyde, or more generally of the aromatic o-hydroxy- 
carbonyl compounds, one of the chelate bonds of the hydroxyl hydrogen 
is directed to the carbonyl oxygen. The normal reactions of the hydroxyl 
are thereby disturbed. With respect to hydroxylamine *°, phenyl hydra- 
zine *1, semicarbazide *4, as well as aniline in the case of the formation of 
Scuirr’s bases *1, the velocity of reaction of the carbonyl group of the 
aldehydes is increased, while on the other hand this is not true for catalytic 
hydrogenation, oxidation by chromic acid, and the Cannizzaro reaction. 
The increase in the velocity of reaction of the aldehyde group can not 
however in this case be explained simply by chelate-formation of the 
phenolic hydroxyl group, for the o-hydroxy-ketones *! do not exhibit 
corresponding peculiarities, while however the o-methoxylated aldehydes 
do show them. It must be therefore, that in this case the otherwise not so 


59 G, Vavon, Bull. Soc. Chim. France (5), 5 (1938) 6; furthermore, fora comparison of 
o-vanillin with respect to the ordinary or p-vanilltin: G. VAVoN and P. AnziAnI, Ibid. (5), 


4 (1937) 20. . 
51 G. Vavon and P. MontH&éarp, Bull. Soc. Chim. France (5), 7 (1940) 551- 
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reactive hydrogen atom of the aldehyde group plays a role the details of 
which still remain unclarified (Compare also Vol. II, Book III, Chapter 
XIV, vit, c). 

A mutual influence of hydroxyl and carbonyl is observed also in the case 
of «-hydroxyanthraquinone and its derivatives. Here the hydrogen atom 
closes a six-atom-membered chelate ring, corresponding to the chelate 
ring of this series of dye-stuff lakes. The difficulties met with in the acetyl- 
ation and in the methylation of the «-hydroxy-anthraquinones are explained 
by the restricted activities of the «-hydroxyl hydrogen atom resulting 
from chelate ring-formation. This will probably also furnish the key for 
many a peculiarity in other reactions, as, for example, in reduction reactions. 
Furthermore, just in the case of «-hydroxy-anthraquinone it has been 
established, by means of the infrared spectrum,—in which the possibilities 
of oscillation of the atomic nuclei are reflected,—that the vibration-fre- 
quency characteristic for a hydroxyl group is actually absent °?. 

It is probable that chelate rings of this type, possibly in equilibrium with 
the open form, are present in the mono-enol forms of the 1,3-di-carbonyl 
compounds, and in the enol forms of the $-ketonic acid esters. The lower 
boiling points of the enol forms as compared to those of the keto-forms 
(Compare p. 307) can be explained in this way: 








CH,—C—CH,—C =O CH,—C =CH—C =O CH, C= > 
| | — | | ant | | 
| Sikh oor | | <— O c 
O OH OC,H, PH: OF"< =OC lH. 
Keto-form Mono-enol form Chelate ring form. 


(vt) PURELY ORGANIC MOLECULAR COMPOUNDS 


(a) Quinhydrones 


The molecular compounds known as the quinhydrones derive their name 
from their simplest example, quinhydrone, discovered by WOHLER in 1844. 
This is formed by addition of one mole of benzoquinone to one mole of 
hydroquinone, and appears as an intermediate product in the oxidation 
of hydroquinone, as well as in the reduction of quinone. It attracts attention 
by its deep green color in the solid state, which disappears however in 


52 G, E. HILBert, O. R. Wu tr, S. B. HENprRicks and U. LIDDEL, J. Am. Chem. Soc. 
58 (1936) 458. A strong intramolecular interaction between carbonyl and hydroxyl in 
aromatic o-hydroxy-carbonyl compounds is also indicated by the infrared frequencies 
determined by G. Bonino (Ber. (A), 71 (1938) 141), by means of the Raman spectra 
(Compare Vol. II, Book ITI, Chapter XIII), for the C=O group in these compounds 
di ERRERA derived the same conclusions directly from infrared absorption spectra, 
Helv. Chim. Acta, 20 (1937) 1373. For further details see Vol. II, Book III, Chapter XIV. 
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solution due to complete dissociation into its components. This more or 
less intense color is characteristic of all the quinhydrones; on the other hand, 
by no means all of the quinhydrones undergo complete dissociation in solu- 
tion, and some quinhydrones are known only in the molten state but not 
in the crystalline state. 

The constitutive peculiarities that are necessary for the formation of a 
quinhydrone type of bonding between two molecules have been discovered 
by PFEIFFER by suitable variations of the components entering into the 
combination. From these investigations it follows that neither a formulation 
as given by a formula with dash valences nor one with covalences represented 
by a dotted line from atom to atom, such as 


O-. OH 
| | 
JN , 
| 5, | and “‘phenoquinone’’ = 1 quinone + 2 phenol = 
AS \ en 
| = C,H,OH O=C C=O HOC,H,, 
O OH \C==C7 


> 


does real justice to the facts. For as a matter of fact it is of no importance 
whatever for quinhydrone formation whether a molecule contains hydroxyl 
hydrogen, hydroxyl oxygen, or ether-oxygen; carbonyl oxygen atoms 
bonded in some special manner must however be present in the other com- 
ponent, though not necessarily as quinone-carbonyl-oxygen. 

The proof that hydroxyl hydrogen in the one component is not essential 
is given by the existence of quinhydrones of various phenol ethers. That 
however the presence of hydroxyl oxygen is also not essential is shown by 
the quinhydrones, or at least the molecular complexes, formed by certain 
quinones with di-methyl-aniline, and even with aromatic hydrocarbons, as 
for example the quinhydrone formed from tetrachloroquinone (= chloranil) 
and tetramethylbenzene (= durene), as well as with hexamethyl benzene: 





Cl_ Cl 
o=< x0 - 2CsH.(CH,), 
‘ewe 
and 
aude pS dae 
on om € Doe 
CT. Cl Che cu 


From the latter example, we see that not even a hydrogen atom attached 
directly to the aromatic nucleus can be held reponsible for quinhydrone 
formation. For the one component then, it is only important that it have 
aromatic character: this is known as the benzenotd component. As illustrated 
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Since the number of the nitro-groups is of no importance for the number 
of molecules that unite with the nitroid component, one can not in the 
case of poly-nitro compounds arbitrarily regard any one of the nitro-groups 
as “preferred”. All we can do then is to assume the existence of a bond 
between all of the nitro-groups and the complete molecule of the aromatic 
or unsaturated hydrocarbon °*’. 

That the benzenoid component must also possess certain constitutive 
peculiarities follows from the fact that, for example, picric acid is able 
to form molecular compounds with naphthalene and with anthracene, but 
not with diphenyl or with tetrahydronaphthalene et 

Quinone likewise forms molecular compounds with nitro-compounds °°. 

The molecular compounds of 4,4-dinitro-diphenyl, — as with benzidine for 
example (molar ratio 4 : 1): or diphenyl (3 : 1); 4-amino- and 4-hydroxy- 
diphenyl (both 3 : 1); 4 bromo-and 4-iodo-dipheny] (7 : 2)| etc.; — belong not 
in the class of the normal molecular compounds with nitro compounds, but 
rather in the class group of the molecular-enclosure, or clathrate com- 
pounds ®° (See, furthér on; Section viz, b, pp. 166-169). 


(c) Complex Isomerism 


A special type of isomerism in molecular compounds seems to result when 
two organic molecules possess several centers each of which is capable of 
binding a second molecule, and when at the same time these groups capable 
of acting as centers of addition are able to perform their functions inde- 
pendently of one another. As simple a compound as phenol itself is an 
example of a substance in which, depending on the nature of the compound 
to be added, various different constitutive peculiarities become effective 
in bonding. In the case of quinhydrone formation, the aromatic nucleus 
becomes effective with respect to the quinone system; in the formation 
of oxonium compounds, acids and metal salts are added to the oxygen; 
for the bonding of the amines, the hydroxyl hydrogen is essential. The 
nitrophenols contain furthermore the nitro-group as an important group 
for the formation of molecular compounds. In such a nitrophenol then, in 
one case the phenol hydroxyl may, because of its acid nature, react with 


°7 For more recent systematic investigations on this subject see: — Cu. SHINOMIYA, 
eee Chem. Soc. Japan, 15 (1940) 137, 259, 281; Chem. Zentralblatt 1940, II, 1267, 1268, 
3168. 

“= Molecular compounds of cis-trans-isomeric stilbenes with 1,3,5-trinitrobenzene: 
C. WEYGAND and Tu. SIEBENMARK, Ber., 73 (1940) 765. 

59 J. Weiss, J. Chem. Soc., (1942) 145. 

6 ric er ae 

: W. S. Rapson, D. H. SAuNDER, and E. Tu. Stewart, J. Chem. Soc., (1946) 1110; 
D. H. SAUNDER, Proc. Roy. Sac. (A), 188 (1946) 31; 190 (1947) 508. 
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amines to form salt-like ammonium compounds; if the amine is an aromatic 
amine, a bond may then also be formed between the nitro-group and the 
aromatic nucleus, yielding a molecular compound corresponding to the 
picric acid-naphthalene type. The possibility of a complex isomerism based 
on such a difference in type of bonding may therefore be predicted 4. 
As a matter of fact it has also been possible to prepare such isomers, known 
as complex isomers, in a large number of cases ®. 

We may be able to expect that the formation of salt-like molecular 
compounds (called “‘molecular compounds of the first type’ by HERTEL) will 
predominate the more the stronger is the acidity of the nitrophenol and the 
basicity of the amine. Conversely, molecular compounds in which the union 
depends on the interaction between nitro-groups and an aromatic nucleus 
(‘molecular compounds of the second type’”’ according to Hertel) will be found 
chiefly among weakly acidic nitrophenols and the weakly basic amines. The 
acidity of the nitrophenols, as well as the basicity of the aromatic amines, can 
be varied within wide limits by means of suitable substitutions. As a matter 
of fact it is found that weakly acid nitrophenols and weakly basic amines do 
tend to form molecular compounds of Type II as recognized by their inten- 
sive coloration. On the other hand strongly acid components unite to 
form light-colored compounds of Type I. These relationships are shown by: 











TABLE 4 
FORMATION OF MOLECULAR COMPOUNDS 

Second Component in order of | Molecular 
First Component decreasing strength of base or compound 

of acid | formed 

Aniline Type I 

2,6-Dinitrophenol p-Bromaniline Type I 

(= 1-Hydroxy-2,6-di- | m-Bromaniline Base Type I 
nitrobenzene) | o-Bromaniline | ype vil 
2,4-Dibromaniline Type II 

Picric acid, strong acid Type I 

Aniline Acid 

2,5-Dinitrophenol, weak acid Type II 











The two possible types of isomers are then formed in the case of not 
too strongly acid nitrophenols and not too weakly basic amines; they can 
be prepared by a skillful variation of the experimental conditions. 

The molecular compounds of Type I are formed under mild conditions 
by crystallization from an ether solution, the compounds of Type II by 
crystallization from a hot saturated solution in brombenzene. Usually one 


61 P. PreIFFER, Organic Molecular Compounds, 1st edition (1922); H. Leyand 
R. Grau, Z. physikal. Chem., 100 (1922) 271. 
62 Ff, HERTEL, Ber., 57 (1924) 1559; E. HertEvand J. Miscunat, Ann., 451 (1927) 179. 
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of the two compounds is unstable; cases are known however in which the 
complex isomers behave like enantiotropic crystal forms, and possess a 
transition or conversion point, as for example in the following systems: 


OH Br OH Br 
om 4 ~~) oe One 4 O) 
piss. ae oe ss 
Picric acid—a«-bromo-f-naphthylamine, Picric acid—o-bromaniline, 
transition point at 117°C. transition point at 95°C. 
Yellow ————————> _ Red Yellow —————> Red 
Type I Type II Type I Type II 


Another type of complex isomerism is that between the colorless ammo- 
nium salts and the colored oxonium salts of «, 8-unsaturated amino-ketones 
capable of halochromism ®%. Thus for example, dimethylaminobenzal- 
acetophenone forms ¢wo perchlorates: 


| (HONK >—CH=CH-c_K > | clo; 
mmecars 6 


and Colorless, ammonium salt 


| (HONK >—CH=cH-c-< > | ClO, 
I | 
| 


= OFS al 
Rose-violet, oxonium salt. 





(d) Choleic Acids 


While in the case of most of the purely organic molecular compounds,—the 
quinhydrones as well as the addition compounds of the nitro compounds,— 
the proportions I : I and I : 2 predominate in the ratios of the molecular 
compositions, we also know, in the so-called choleic acids, molecular com- 
pounds discovered by WIELAND and Sorce 4, substances which do not 
obey this rule. The choleic acids are formed by the addition of aliphatic 
acids to certain acids of the bile acid group, desoxy-cholic acid and apo-cholic 
acid ®°. This capacity for addition is quite specific for the acids named; 
position- and stereo-isomers of these acids do not show the phenomenon. The 
additive capacity applies not only to the aliphatic acids; these cholic acids 
add on also to camphor, xylene, naphthalene, or tetralin. It is not as yet 


88 P, PFEIFFER and H. Kieu, Ber., 66 (1933) 1058, 1704. 
°¢ H. WiELanp and H. Soree, Z. physiol. Chem., 97 (1916) I. 
°° F. BOEDECKER, Ber., 53 (1920) 1853. 
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known what constitutive peculiarities are responsible for this unusual 
capacity to add; desoxy-cholic acid is a saturated acid with two hydroxyl 
groups, a dihydroxy-cholanic acid; apocholic acid is the corresponding 
unsaturated acid, a dihydroxy-cholenic acid. As yet, of all the varied addition 
products, only the first named choleic acids have been investigated in 
any greater detail. 

Among these choleic acids we find the following ratios of aliphatic acid 
to desoxy-cholic acid: — 1:8; 1:6; 1:4; 1:3; 1:2; 1:1. The ratios 
I :5 and I : 7 are conspicuous, as yet, by their absence; this corresponds 
to the fact of experience that other coordination centers with coordination 
numbers of 5 and 7 also do not occur, or only as exceptions ®°, The number 
of moles of desoxycholic acid, or of apocholic acid, bound by one molecule 
of aliphatic acid, is a function of the molecular size of the aliphatic acid; 
formic acid yields no molecular addition compound, in the case of acetic 
acid the components add together in a I : 1 ratio, for prapionic acid the 
ratio is I : 3. The aliphatic acids with from 4 to 8 carbon atoms (butyric 
acid to caprylic acid) are able to bind 4 molecules of desoxycholic acid, 
those with 9 to 14 carbon atoms (pelargonic to myristic acids) bind 6; 
for the higher aliphatic acids up to montanic acid, CygH;,O0., the number 
is 8. These relationships can be represented graphically in Fig. 24, given 
by RHEINBOLDT ®. 


X Cp H2pyq COOH 


© Cy Hyp_4COOH 





oar 10 15 20 25 30 


nh—_— 


Fig. 24. 


Unsaturated acids, C,,H5,_~COOH, also fall easily, without forcing, into 
this scheme, in accord with the number of carbon atoms they contain. 
From the melting point diagrams of the addition compounds, which in 
each case exhibit a maximum, it follows that the choleic acids are true 
chemical compounds. 

Furthermore, saturated and unsaturated alicyclic acids with long side 
chains, as for example the «-cyclopentenyl-dodecane-carboxylic acid 


66 This must, however, be regarded as yet as a mere coincidence. See Vol. II, Book 
III, Chapter XV, Sections 3, 5. 
67 H{, RHEINBOLDT, Ann., 451 (1927) 258; 473 (1929) 253. 
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(chaulmoogric acid, used as a cure for leprosy), also yield choleic acids, 
with 8 molecules of desoxycholic acid. Furthermore, we have for example, 
butyl benzoate and methyl phenylacetic ester with 4 molecules, and finally 
ethyl phenylbutyric ester and naphthyl acetonitrile with 6 molecules of des- 
oxycholic acid ®. 

The problem of the choleic acids can not be solved satisfactorily by the 
concepts derived from the systematics of the molecular compounds. The 
rather ready-at-hand assumption of RHEINBOLDT that an organic molecule, 
such as that of the aliphatic acid, can here act as a center of coordination 
just as does otherwise a single atom, finds no support in investigations on 
the crystal structure of the choleic acids ®. They belong accordingly 
rather to a group of molecular compounds that must be classed more with 
the urea addition compounds and the clathrate compounds to be discussed 
in the next following section, though as yet all the structural details for 
the former have not been clarified so much as they have been for the latter. 
(See furthermore in Volume II, Book III, Chapter XV). 

Another series of purely organic molecular compounds is that of the 
physiologically important compounds of the cholesterins and a series of 
other alcohols with the saponins. In these the stoichiometric ratio is almost 
always I : 1. The detoxicating effect of cholesterin on the haemolytic action 
of the saponins must be ascribed to the formation of these addition com- 
pounds. As yet nothing further is known as to the nature of the forces holding 
together the molecules of these molecular compounds. 


(vit) NON-STOICHIOMETRIC MOLECULAR COMPOUNDS 
(a) Molecular Compounds of Urea 


Urea yields, as found first by M. F. BENGER ”, and then systematically 
investigated by W. ScHLENK, Jr. 1, molecular compounds with a large 
number of aliphatic compounds, and predominantly with those that possess 
a longer normal or straight chain. As a class these compounds are very 
closely related to one another. Whether or not the hydrocarbon chain con- 
tains any functional group, and the nature of this group, plays only a minor 
role. The close mutual inter-relationships of all these molecular compounds 
derived from various classes of substances, is evident externally already from 

8 Nc. Pu. Buv-Ho1, Z. physiol. Chem., 278 (1943) 230. 

" O. KRATKY and G. GiacoMELLO, Monatsh., 69 (1936) 427. 

‘© For the history of the discovery of these compounds see W. SCHLENK, Jr., Z. 
Angew. Chem., 62 (1950) 299; also M. F. BENGEN and W. SCHLENK, Jr., Experientia 
5 (1949) 200, 

7} W. SCHLENK, Jr., Ann., 565 (1949) 204; Z. angew. Chem., 62 (1950) 299. 
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the crystal form; they all appear as six-sided or hexagonal columns with 
pyramidal surfaces, sometimes also as hexagonal plates that are quite 
characteristically different from the tetragonal prisms of urea. It is a very 
striking fact that in general their compositions do not correspond to a 
stoichiometric relationship, though it is nevertheless very constant. Thus the 
decane-urea compound contains 8.3 molecules of urea per molecule of de- 
cane. The composition is also independent of the method of preparation, 
which is, moreover, generally very simple. Either the component to be 
added is dissolved in a suitable solvent and added to a saturated solution of 
urea in a suitable solvent such as methanol, or the urea is dissolved by warm- 
ing in some liquid component, or, in some cases, it is sufficient simply to 
mix and stir together the urea with some almost mutually insoluble com- 
ponent, such as a paraffin hydrocarbon or its solution in benzene or ethylene 
chloride. On contact with water the molecular compounds are decomposed 
reversibly by dissolution-extraction of the urea; they also decompose when 
the temperature is raised so high that the components become appreciably 
volatile. Thus, for example, the compound urea-heptane (6.08 : 1) decom- 
poses slowly already at ordinary temperature on lying open and exposed to 
air. 

The minimum length of the hydrocarbon chain necessary to undergo for- 
mation of an addition compound depends on the chemical nature of the 
compound added. In the case of the carboxylic acids the first member able 
to form addition compounds is butyric acid; in the case of the paraffins it is 
n-hexane, perhaps even u-pentane; of the alcohols, 7-hexanol. On the other 
hand, in the case of the ketones, this ability is exhibited already by acetone. 

The semi-stoichiometric composition of the compounds within a given 
homologous series is found to be proportional to the chain-length; this has 
been proved for the paraffins, primary and secondary alcohols, carboxylic 
acids, carboxylic acid esters, halides, and ketones. If the chain-length be- 
tween the spheres of action of the terminal atoms of the chain is calculated 
on the basis of a zigzag shape, then the proportionality factor is almost the 
same for each of the classes of substances used as the second component, if, 
for example, in the case of the halides proper account is taken of the diffe- 
rences in the sizes of the chlorine and the bromine atoms. 

The heats of formation of the urea molecular compounds amount to about 
I Cal. per mole of urea thus :— 


about 7 Cal. for urea-n-octane (7.0 : 1). 
about 9 Cal. for urea-n-decane (8.3 : 1). 
about 15 Cal. for urea-n-hexadecane (12.1 : 1). 
about 5.4 Cal. for urea-n-octanol (6.85 : 1). 
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An explanation for the peculiar non-stoichiometric composition and the 
simultaneous crystal-like form can be given on the basis of the X-ray crystal 
structure analysis. This enables us to understand also the fact that prefer- 
entially only straight-chain substances can form addition compounds. 
Fundamentally it is the spatial relationships in the /attice that are respon- 
sible for this. These will be sketched only briefly at this time. 

The urea molecules form within the addition-compound, taken only by 
themselves, a hexagonal lattice that is much more extended in space than is the 
usual tetragonal urea crystal lattice. Were it able to exist thus by itself alone, 
its density would be 0.956 for urea, while the normal tetragonal form of urea 
exhibits a density of 1.323. This extended hexagonal lattice is stabilized by 
the in-building of chain-form compounds that find place in the channels of 
six-sided cross-section that run through the hexagonal lattice. It is then 
readily understandable why this 7m-bwilding or inclusion of component mole- 
cules in the longitudinal direction of these hollow channels does not lead to 
an integral stoichiometric relation between the components. Branched 
chains and ring-shaped compounds are in general too extended and angular 
to fit into the channels. Under some circumstances, as for 3-methyl-heptane, 
an in-building into the lattice can be forced if n-heptane or -decane is si- 
multaneously built-in to more or less lead the way for the 3-methyl-heptane 
molecules to squeeze their way into the tightly-fitting lattice. In the case of 
3-methyl-eicosane, CH; -CH,—CH—(CH,),,—CHs, such a leading of the 

CH, 

way by another molecule is not necessary, for the long straight chain of its 
own molecule is able to perform this function, and it yields an addition com- 
pound directly with the urea. It is, however, as yet, by no means possible to 
force the building-in of the more highly branched molecule of 2,2,4-trime- 
thyl-pentane. The spatial relationships become clear at once by a direct 
comparison of the cross-section areas of the molecules and of the channels 
of the hexagonal urea lattice. 

The benzene ring may also be introduced, by a method somewhat different 
in detail from that used for 3-methyl-heptane, but the same in basic prin- 
ciple, and analogous to that used for 3-methyl-eicosane, by attaching to 
the benzene ring a long n-aliphatic side-chain. Thus octadecyl-benzene, 
Cy>H;—C,gH,;, yields a urea addition-compound with about 16 urea mole- 
cules per hydrocarbon molecule. 

The shortest chain-length for the built-in component is limited energeti- 
cally as well as spatially. The heats of reaction mentioned above for the for- 
mation of the addition compounds consist of the energies for three partial 
processes: 
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1) Energy or work required to expand the tetragonal to the hexagonal 
urea lattice. 

2) Energy or work required to isolate or separate the individual molecules 
from the main mass of the liquid or crystalline addend component. 

3) Energy-gain when the second component is built-in or fitted into the 
channels of the hexagonal lattice. 

The energy-gain term 3 is greater for longer chains than it is for the shorter 
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Fig. 25, from W. SCHLENK, Jr., Ann., 565 (1950) 215. 
Center —cross-sectional view of the urea molecules 
forming the channel. 





Above — n-octane; Left, benzene. Fig. 26 
Right, 3-methyl-heptane. Brice 
Below — 2,2,4-trimethyl-pentane. Hexagonal urea lattice. 


chains, and for the following reason. The normal intermolecular distances 0- 
about 2.54 A must be maintained between the terminal groups of two neigh- 
boring molecules built-in into the channels; a corresponding space then ref 
main free in the channels. The efficiency of usage or occupancy of the channels 
is then the lower the shorter are the chains, and along with this the energy- 
gain from inbuilding is also lower. If this latter term is too low, no molecular 
compound can be formed, for then the sum of (3)—[(1)-+(2)] would be ne- 
gative. (We would more correctly here speak of changes in free energy and 
entropy rather than in total energy. F .H.R.). The magnitude of this energy- 
gain depends on the nature of the compounds and on the specific molecular 
forces acting between the various functional groups. Acetone seems to con- 
stitute a special case, for here the molecular compound (2.8 : 1.0) exhibits a 
different crystal lattice than do the compounds previously discussed, though 
it does in other respects fit into the homologous series of the ketone-mole- 
cular compounds. 
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Urea addition compounds with other crystal lattices have been observed 
for bifunctional long-chain compounds with terminal groups,—though of 
course not in all cases. Examples thereof are 

1.6-difluorohexane (5.6: 1) 
1,4-dichlorobutane (4.5: 1); 
1,6-dichlorohexane (6.0: I); 
sebacic acid, C,)-acid (10.9: 1); 

hexamethylenediamine (5.5 : 1); 

adipodinitrile C, (1.0: 1). 

Succinic acid and adipic acid yield stoichiometric molecular compounds, 
2 urea + 1 acid. The interpretation of these compounds as yet awaits a 
detailed X-ray crystal-structure analysis. 

At least a few of the molecular compounds of urea known in the crystal 
state seem to exist (be stable) in solution. This is indicated by considerable 
and even striking increases in the solubilities of a number of substances 
capable of forming addition compounds when dissolved in water in the pre- 
sence of urea. Thus, for example, n-valeric acid, which forms a 4.6: 1 
molecular urea-compound, is soluble to the extent of only 12° in pure water 
at 25° C, while in a saturated solution of urea it dissolves in all proportions. 
On the other hand, isovaleric acid, (CH,),CHCH,COOH, which forms no 
molecular compound (due to the chain-branching), dissolves no more readily 
in urea solutions that it does in pure water. It is, of course, also true that in 
several cases in which molecular compounds are formed, the changes in 
solubilities still lie below the analytically measurable limits of differences, as 
in the cases of hexadecane and of stearic acid. 

Thio-urea, too, can form molecular compounds analogous to those formed 
by urea 72, 


, 


(b) Clathrate or Enclosure Compounds 


Of a type somewhat different from the choleic acids and the molecular 
compounds of urea are the molecularly enclosed compounds of hydroquinone, 
discovered by PoweELt 7 in 1947, and designated by him as “clathrate 
compounds” from the Latin clathratus=enclosed: clatri (Greek xAutpo¢ = 
lattice, or animal cage. The first representative of this type is, of course, 


hydroquinone—sulfhydrate or hydrogen sulfide, described already in 1849 
by WOHLER “4, 


72 W. SCHLENK, Jr., Experientia, 6 (1950) 292. 

73 H. M. Powe r and D. E. Pain, J. Chem. Soc. (1947) 208; (1948) 61, 571; also 
H. M. PowE tt, Ibid. (1948) 71: H. M. Powe t and P. Riesz, Nature, 156 (1945) 334; 
161 (1948) 52. For a comprehensive review of the clathrate, as well as of the urea- 
addition, compounds, see W. SCHLENK Jr. Fortschritte dey chemischen F orschung, Vol. 
2, No. 1, pp. 92, etc., Springer Verlag, Berlin-Gottingen-Heidelberg, 

74 F. WOHLER, Ann. Chem. Pharm., 69 (1949) 257. 
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That a century elapsed before further lattice-enclosure compounds of 
hydroquinone were discovered is due to the fact that they are derived from 
the unstable hexagonal $-modification of hydroquinone, which is charac- 
terized by being bounded by rhombohedral faces. Normally one obtains the 
needle-shaped hexagonal crystals of «-hydroquinone of density 1.35; the 
6-hydroquinone of density 1.26 is usually formed only under circumstances 
that permit a partial enclosure of certain solvents or of small amounts of 
other substances. Its lattice may be thought of as formed by placing two 
rather far-spaced or expanded lattices one into the other in such a way as to 
form a new more complex lattice. This new lattice is still rather wide-meshed, 
as shown by the considerably lower density of the 8-, as compared with the 
x-modification. These meshes may hold small molecules very firmly enclosed, 
as if in cages, so firmly indeed that the odor of the enclosed substances 
cannot be detected except when the crystals are pulverized, even though the 
small molecules used possess exceedingly strong odors. Such clathrate com- 
pounds have been made using hydrogen sulfide, sulfur dioxide (yields a yel- 
low crystal of clathrate compound), hydrogen cyanide, hydrogen chloride, 
hydrogen bromide (stable at ordinary temperatures even in vacuo), carbon 
dioxide, acetylene, methanol, formic acid, and acetonitrile. This last sub- 
stance seems to constitute the maximum of size for the enclosable molecule 
of the hydroquinone-clathrate compounds. The melting point of all these 
compounds lies around 170°, that is at almost exactly the same temperature 
as for «-hydroquinone (169°), though decomposition phenomena do appear 
already at lower temperatures. 

The cage can change its shape and size within certain limits, depending onthe 
form and size of the enclosed molecules. Spherical or nearly spherical mole- 
cules can be introduced readily into the meshes, as is true also for the small 
rod-like acetylene molecule, without a change of shape. Handle-, or angular- 
shaped molecules, such as COg, lie with the plane of the handle parallel to the 
hexagonal C-axis of the lattice, in which direction the lattice of the #-hydro- 
quinone is stretched a little, so that the enclosed molecule does not come into 
too close a direct contact with the hydroquinone molecule (See Fig. 27). 

If all the cages were occupied the relation between the number of enclosed 
molecules and the number of hydroquinone molecules would yield a mole- 
cular ratio of 1 : 3. Actually this ratio of 1 enclosed to 3 hydroquinone mole- 
cules is never exceeded, though it is also of course only rarely, and then 
only for larger molecules, more or less nearly approached, as for CH3CN, 
3.00 : 0.99; CH,OH, 3.0: 0.97. In most cases far from all the cages are occu- 
pied, so that in the case of HCl, for example, only about one third of the 
cages are occupied, the ratio being 3.0 : 0.36. The clathrate compounds are 
hence of stoichiometric composition only in the limiting case. 
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Depending on the chemical nature of the components, the clathrate com- 
pounds are in part inorganic-organic, and in part purely organic, molecular 
compounds. Since, however, this makes no (great) difference in their nature, 





Fig. 27. Hydroquinone cage, with a) spherical, and 
b) non-spherical, enclosed molecules 


there seems to be no point here in making such a purely formal, systematic 
distinction. 

Very characteristic of all clathrate compounds, however, is the complete 
absenee of every type of specific interaction between the enclosed molecule and 
the molecule of the host lattice. On dissolution, or on far-going mechanical 
disintegration, the guest molecules are liberated completely. In this the 
clathrate compounds differ from the choleic acids as well as from many of the 
molecular addition compounds of urea, in which, for example, a certain 
pre-formation in solution may be indicated by marked increases in the solu- 
bilities, and marked changes in the coefficients of distribution between aque- 


ous solutions and an extracting solvent agent. 


‘ / ‘ “CN fads be 
The nickel cyanide-ammonia-benzene compound, Ni 
CN CoH,_ 


discovered by K. A. Hofmann 75, should also be classed among the clathrate 
compounds with a stoichiometric ratio of the components. This substance 
was formerly classified as an inorganic-organic molecular compound with 
one aromatic component. It is, however; not simply a dicyano-ammino- 
benzene-nickel complex with a coordination number of four for the nickel,— 
for the nickel atoms here form a tetragonal prism held together by the cyano 
groups on the short, and by the ammonia molecules on the long, edges. This 
prism is the cage in the middle of which the benzene molecule lies captive 7, 


*° K. A. Hormann and F. Kuspert, Z. anorg. u. allgem. Chem., 15 (1897) 204; 
K. A. Hormann and F. Hécutten, Ber., 36 (1908) 1149; in more detail in J. Chem. 
Soc., (1952) 319, esp. Fig. 4, ee Ea 

*® H. M. Powe t and J. H. RayNER, Nature, 163 (1949) 566. 
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The nickel atom has then a coordination number of six; the positions of 
coordination are occupied by four cyano groups, all in one plane, and by 
two ammonia molecules in a line perpendicular to this plane, as shown by the 
schematic diagram, Fig. 28. 


O = M atom 
x = CNgroup 
—= NA group 





Fig. 28. HormMann’s nickel cyanide-ammonia-benzene compound. 


Also probably to be classified under the clathrate compounds are iodo- 
starch and numerous addition-compounds of the Schardinger dextrins 7. 


77 F. CRAMER, Ber., 84 (1951) 851, 855, where further literature references will be 
found. 


CHAPTER IV 


COMPOUNDS WITH ABNORMAL VALENCES OF THEIR 
CONSTITUENT ELEMENTS 


(1) DIVALENT CARBON 
(a) Carbon Monoxide and its Derivatives 


The recognition of a definite valence of the individual elements was first 
won in the case of organic compounds. The principle of the constancy of 
the tetravalence of carbon is, as soon as one introduces the notation of 
multiple bonds, applicable without difficulty to the vast majority of organic 
compounds. The application of this theory of valence, as a once given, 
forever thereafter, invariable constant, cannot, however, be carried through 
for the other elements without leading to contradictions. While today we 
understand how to interpret the number giving the valence as the number 
of valence electrons of an element, there are many cases, and these especially 
among the simplest inorganic compounds, in which the nature of the parti- 
cipation or non-participation of these individual valence electrons is still 
a mystery, as for example in the case of the five oxides of nitrogen, N,O, 
NO, N,O;, NO,(or N,O,), and N,O;. The “‘constitution” of such compounds 
can as yet be represented in a satisfactory way neither by the dash-valence 
system of representation borrowed from organic chemistry, nor by the 
electron formulas. 

The variability in the valence exhibited by most elements also occurs, 
though of course only in relatively very rare cases, in the case of carbon, 
so that the tetravalency of carbon can be looked upon only as a “‘vule”’ 
and not as a law 1. The exceptions to this rule that have become known 
to date can be classified into two groups: The so-called divalent carbon in 
carbon monoxide and its derivatives, and the trivalent carbon in the free 
radicals. Other elements show analogies to the latter in cases where the 
valence is likewise less by one than that corresponding to its position in 
the periodic system, as for example nitrogen, oxygen, boron, and those 
elements of the fourth group of the periodic system which, like carbon, 

+ A. VON BAEYER, Ber., 18 (1885) 2278. 
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can form volatile hydrides, and are removed four positions froma noble gas 2. 

On the other hand, the divalent carbon of carbon monoxide and related 
compounds stands by itself. Further than that, the concept of valence in 
its usual form is not at all applicable to carbon monoxide itself, On account 
of the remarkable similarity in the physical properties of carbon monoxide 
and nitrogen it is now assumed ® that the structure of the molecules of 
these two substances must be very similar; how one is to conceive the 
distribution of the ten valence electrons is however a mystery even today. 
Perhaps, in the carbon monoxide molecule, two of the electrons have a 
special position, and play a réle that enables carbon monoxide to form 
molecular compounds as well as the metal carbonyls, and also to enter 
into the usually sluggish addition reactions; thus chlorine and carbon 
monoxide unite to form phosgene only in bright sunlight; it may however 


co +ci,  cocl, 


also be, that this hypothetical special position or state results only on 
suitable pertubation or excitation of the carbon monoxide molecule. 

Substances in which the otherwise divalent oxygen—(in the case of 
carbon monoxide one can not speak of the oxygen as having any definite 
valence in the usual sense, any more than one can speak of the carbon 
as having any definite valence)—is replaced by a divalent radical (or group 
of atoms), may be considered as derivatives of carbon monoxide. Thus 
one may think of the oxygen atom as replaced by = NH or = NOH just 
as in the case of the carbonyl oxygen of aldehydes and ketones. The simple 
substances thus derived (on paper) from carbon monoxide, i.e. C=N—H 
and C=N—OH, are not known in the free state (although it seems that 
fulminic acid does exist for a short time in solution), but only in the form 
of their derivatives; e.g. C—N—CH, or methyl 7so-nitrile, C=N—O—Ag 
or silver fulminate. In the free state, the ‘‘’so-hydrocyanic acid”, C=N—H, 
rearranges into hydrocyanic acid, HC=N, which in its physical properties 
appears to be the initial member of the homologous series of the nitriles, 
R—C=N, rather than of the isonitriles 4, R—-N=C. Free fulminic acid, 
C—=N—O—H, is not known. 

While the isonitriles could formally also be written R—N==C, with 





2 F, PaNnetH, Ber., 53 (1920) I7I0. F Roe 
3 J. Lancmurir, J. Am. Chem. Soc., 41 (1919) 868, 1543; 42 (1920) 274 (‘‘Isosterism’’) ; 
also W. Hicxet, Z. Elektrochem., 27 (1921) 305; Cf. also Vol. II, Chapter XII. 
See also: W. HicxE., Structural Chemistry of Inorganic Compounds, p. 419, Amsterdam 
951 (Elsevier). 
ees oe and H. Horrr, Ber., 54 (1921) 1709. Cf. also This Volume, p. 272-273. 
Also L. REICHEL and O. STRASSER, Ber., 64 (1931) 1997. 
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tetravalent carbon and pentavalent nitrogen, one has, since the time of 
Ner 5, assumed that the carbon was divalent. This is indicated by the close 
similarity between the addition reactions of the isonitriles and those of 


carbon monoxide; thus, 





R—N=C+Cl = R—N=C<Cl,. 

RONZC 4S RNS Cas 
SH 

R—-N=C+H,S = R—N=C 
NH 


For the same reason, the presence of divalent carbon has been assumed 
in fulminic acid *. After what has been said above, it is clear that the bond 
grouping —_N=C must not be considered as the parallel of the ordinary 
—N=C<-double bond group ’. 


(b) Attempts to Prepare Derivatives of Methylene; Methylene Itself 


Numerous attempts have been made to prepare compounds in which the 
oxygen of carbon monoxide is replaced by two univalent elements or groups 
of atoms. Such compounds would be either methylene, CH,, or derivatives 
of methylene. While NEr, who tried such experiments, did not succeed in 
preparing and isolating a “‘methylene’’, he did nevertheless assume the 
short-time existence of such methylenes as intermediate products in chemical 
reactions. It is however altogether impossible to offer experimental proof 
of their existence, either as substances in the free state, nor even as inter- 
mediate products in chemical reactions, in the manner tried by NEF, and 
as has indeed been tried again recently 8; for this method of ‘“‘proof”’ is 
based on the applicability of the principle of minimum possible structure 
change to the determination of the intermediate products of a reaction, 
as based on the constitution of the starting products. This principle is 
however not applicable to labile intermediates, as will be shown in detail 
later on (Chapter VI, p. 442 etc.), for other experiments made in order to 
interpret reactions in terms of hypothetical intermediate products. Even 
the proof of the existence of the one or the other free methylene, important 
as it would of course be for a knowledge of the chemistry of compounds 
with divalent carbon, would not by any means justify us in assuming the 
presence of free methylene radicals as intermediate products in any chemical 

5 J. U. NEF, A; : 201: 

a lalla, dime, eal teh mae ce ee laae 

INCr also): Ll. Hammick, R. C,A. New, N. V.Sipewickand L.E. SuTTON, J. Chem. 
Soc., (1930) 1876. 

8 E. BERGMANN, Ber., 62 (1929) 893. 
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reactions merely for the reason that such an assumption would make 
possible a simple formulation of the “‘reaction mechanism’’. 

Besides NEF, STAUDINGER in particular has made many efforts to prepare 
free methylene ®; in place of the methylenes to be expected from the formu- 
las, however, he always obtained compounds that represented either their 
isomers or their polymers. The decomposition of ketenes at high tempera- 
tures (650°) does not yield, alongside of carbon monoxide, the corresponding 
methylene that might be expected; thus dimethyl ketene yields not 
dimethylmethylene, CH,—C—CH,, but rather the isomeric propene and 
the dimeric tetramethylethylene: 


(CH,),> C=C=0-—> CO + CH,—CH=CH, 
2 (CH;).>C=C=O—> 2.CO + (CH,),>C=C<(CH,)s. 


In place of diphenylmethylene, diphenylketene gives the isomeric fluorene: 
(C,H,).>C=C=O —> CO + C,H,—C,H, . 
Bar 
CH, 


Alkylated and arylated ethylenes show no tendency whatever to dis- 
sociate into methylenes. On the other hand, however, attempts to prepare 
a dimer of carbon monoxide, i.e. of ‘‘dicarbon oxide’, O=C=C=O, with 
tetravalent carbon, have also failed of success; thus experiments seeking 
to prepare such a compound by the removal of chlorine or bromine atoms 
from oxalyl chloride or oxalyl bromide respectively, by the use of zinc or 
mercury, i.e. by a method analogous to that used in the preparation of the 
ketenes, always resulted in the formation of the stable, monomeric carbon 
monoxide 1°. 

It was not until a modern experimental technique became available, 
and by working with highly diluted gases at very low pressures, that the 
possibility of the existence of methylene could be proved. PEARSON, PURCELL 
and SAIGH " have obtained methylene by the photochemical decomposition 
or fission of ketene in a quartz vessel, 


CH,=C=O — CH, + CO, 
as well as by the thermal decomposition of diazomethane, 


CH,N, (or CH,=N=N) —> CH, +N, 


® H. SraupINGER and R. ENDLE, Ber., 46 (1913) 1437 The diethoxymethylene, 
(C,H;O),>C, which H. SCHEIBLER (Ber., 59 (1926) 1022; 60 (1927) 554; 64 (193!) 
2914) claimed to have obtained, actually does not exist, according to F. ADICKES, 
Ber., 63 (1930) 3012, and A. E, ARBUsow, Ber., 64 (1931) 698; also D, WooD, JR: 
and F. W. Bercstrom, J. Am. Chem. Soc., 55 (1933) 3314- 

10 H{. SraupINGER and E, AnTHES, Ber., 46 (1913) 1420. 

11 T. G. Pearson, R. H. PurcELt, G. S. SaicH, J. Chem. Soc., (1938) 409. 
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Proof of the presence of free methylene was given by the fact that it reacted 
with selenium and tellurium mirrors to give seleno- and telluro-formalde- 
hydes, CH,Se and CH,Te, respectively. The “‘half-life’’ of the methylene pro- 
duced is very strongly dependent on the nature of the accompanying gases 
(ketene yields both methylene and carbon monoxide); this would seem to 
indicate that by itself the substance methylene is a fairly stable structure, 
but that with respect to other molecules it exhibits in generala very high 
degree of reactivity. 


(02) FREE RADICALS ® 
(a) Historical 


The significance of the term “free radical’’ is, as already mentioned, not 
limited to the carbon compounds. In the free radicals the valence of one 
of the elements is quite generally less by one than that corresponding to 
its position in the periodic table. In accordance with this definition of the 
concept, we consider as free radicals not only neutral compounds, but also 
groups of atoms existing as ions,—either as cations or as anions,—so long 
as they contain an element with a valence lower than “normal” by one 
valence unit. 

The principle of the constant tetravalence of carbon would, if it were a 
strictly valid law, preclude the possibility of existence of free radicals. 
And it was indeed the failure of all experiments that aimed to produce 
these radicals which the old radical theory looked upon as the stable 
building blocks of organic chemistry, that led to the acceptance of this 
very principle. At first, it is of course true, BUNSEN’s experiments in this 
direction were considered successful: BUNSEN himself believed (1841) that 
he had obtained the radical cacodyl 18 (CHs),>As, which behaved like a 


2 In this section we shall not refer in detail to all the literature on the subject. 
The complete literature up to the year 1923 will be found in the book Chemie der 
freien Radikale, (“Chemistry of the Free Radicals”) by P. WALDEN, Hirzel, Leipzig, 
1924. Later summeries and compilations will be found in “A General Discussion on 
Free Radicals”, Tvans. Faraday Soc., 30 (1934) I—248; ‘Problems and Results of 
Recent Research on the Free Radicals” by K. Zrecier, Z. angew. Chem., 43 (1930) 
O15; L. ANSCHUTz in RICHTER-ANSCHUTz, Chemie der Kohlenstoffuerbindungen, 
(“Chemistry of the Carbon Compounds”’), 12th edition, p. 767, Akad. Verlagsgesell- 
schaft, Leipzig, 1935, or in Taytor’s translation published by Blackie & Co., London. 
See also W. A. Waters, The Chemistry of Free Radicals, 2nd edition, 1948, Clarendon 
Press, Oxford; D. H. Hey and W. A. WatTERs in Chemistry of Carbon Compounds, 


Vol. I, Elsevier Publishing Co., Inc. 1951. A brief but comprehensive review is that of 
W. THEILACKER, Chemiker Zig., 65 (1941) 138. 
*% R. Bunsen, Ann., 37. (rea 0y"r: 
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metal and remained unchanged throughout a series of the most varied 
reactions, from cacodyl chloride by interaction with zinc: 


2(CH;),>AsCl + Zn —» ZnCl, + 2(CH,),As 


In the same way KorsE 14 believed that his experiments on the electrolysis 
of acetate and valerianate salts had yielded the methyl and butyl radicals, 
and Kose and others interpreted these data as proving the independent 
existence of radicals. The supposed radicals of FRANKLAND ) were identical 
with those of KOLBE, as were also those that Wurtz obtained later on 
by the removal of halogen from alkyl halides by means of sodium or zinc, 
—a method corresponding to that used by BunsEN for the preparation of 
cacodyl. 

But in all these cases, it was found later,—when the concept of molecules 
for gaseous substances had become firmly established, by determination 
of the vapor densities, on the basis of AVOGADRO’s Hypothesis,—that the 
substances actually obtained were not the radicals, but rather their dimers, 
such as (CH;), >As—As< (CHs)2, CH3;—CH, etc. 16. The method originally 
intended to serve for the preparation of the radicals, i.e. the removal of 
halogen from halides by the use of a metal such as sodium, etc., became, 
under the name of the WurtTz-FI1TIG reaction (Fittic first applied this 
reaction to compounds of the aromatic series), an important method for 
linking up carbon atoms, in the use of which no one any longer even thought 
of obtaining the free radicals. 

By chance, however, it was just this old method that finally led to the 
discovery of the first free radical. This discovery was accidental, and had 
to be such, since no theoretical conceptions were available as to the kinds 
of substituents, three of which ought to be attached to a single carbon 
atom, in order that a fourth substituent would not be bound. It is only 
most recently that theoretical physics has, by use of the quantum theory, 
been able to interpret the purely empirically gained knowledge and facts 1”. 
Here we shall give a brief presentation, as based upon the experimental 
facts, of the most important types of the radicals, their chemical behavior, 
as well as a classification of the radicals derived from the various elements, 
into a system as based upon the electron theory of valence. 


(b) Radicals with Trivalent Carbon 


The essential properties of a radical with trivalent carbon can be discussed 


14H. KoisBe, Ann., 69 (1849) 257, 279. 

15 E, FRANKLAND, Ann., 71 (1849) 171; 74 (1850) 41. 

16 ©, SCHORLEMMER, Ann., 132 (1864) 234. 

17, HGcKEL, Z. Physik., 83 (1933) 632; L. Paurine, J. Chem. Phys., I (1933) 362. 
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on the basis of the first-found representative of this type, the triphenyl- 
methyl discovered by GoMBERG in the year 1900. GOMBERG IBiSet Out, with 
entirely different objectives in view, to prepare hexaphenylethane from tri- 
phenylmethyl chloride (or triphenyl-chloromethane) by means of the WURTZ- 
Firtic synthesis. After many vain attempts he thought. he had succeeded 
in this !9 by the use of silver or of copper as well, but only when he completely 
excluded air from the reaction vessels. The crystalline, colorless, hexaphenyl- 
ethane however, unexpectedly gave strikingly yellow solutions, which 
reacted instantaneously with bromine and iodine to give (CgH;),CBr and 
(CsH;),CI respectively, and were also instantly decolorized by atmospheric 
oxygen with formation of a di-(triphenylmethyl-)-peroxide, 


(C,H;);=C—-O—O—C=(C,H;)s. 


The constitution of the peroxide follows with certainty from other modes 
of its formation; thus it can be prepared also from triphenylchloromethane 
and sodium peroxide: 


(CH), =C—Gl + Na.0,->- (C,H) =C 0b 0 — C(t NE Cr 


From his observations GOMBERG drew the, what at that time appeared to be 
arather daring, but which later proved to be acompletely correct, conclusion, 
that the yellow solutions contain the free radical triphenylmethyl, formed 
by dissociation from hexaphenylethane according to the equation: 


(C,H,),=C—C=(C,H;); —— 2 (C.H,),;=C. 


The molecular weight determinations performed in order to prove this 
assertion did indeed yield a value lower than that calculated for hexaphenyl- 
ethane, but the differences between the observed and the calculated values 
nevertheless lay too near to the limit of experimental error to permit of 
any clear-cut conclusion as to dissociation. 

In the case of other completely arylated ethanes, however, the degree 
of dissociation is so great that the determination of the molecular weight 
clearly points to dissociation. Such a great increase in the degree of dis- 
sociation was first observed by SCHLENK 2°, when he systematically replaced 
the phenyls of triphenylmethyl by the diphenylyl or xenyl radical group. 
Later on still other groups that produce highly dissociated substances were 

** M. Gomera, Ber., 33 (1900) 3150. 

< NY: E. BACHMANN and F. Y, WISELOGLE many years later treated (CsH;),CCl 
with sodium powder in ether solution and obtained (CsH;)s;=C alongside of 
(CeH;)3=CNa, J. Am. Chem. Soc., 58 (1936) 1943. 

20 'W. ScHLENK, TH. WEICKEL and A. HERZENSTEIN, Ann., 372 (1910) 1. 
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also found. These will be referred to again below. Today we are no longer 
limited to cryoscopic or ebullioscopic methods for the determination of 
the molecular weight in order to determine the degree of dissociation, but 
have rather considerably more sensitive methods which permit us to detect 
also very small concentrations of free radicals, and even to determine the 
degree of dissociation with the accuracy required for the investigation of 
physicochemical problems. We may discuss these at this point before 
entering upon the discussion of the relations between a tendency to radical- 
formation and the molecular constitution. 

Alongside of the classical methods for the determination of the molecular 
weight, use has also been made of the colorimetric method for the purpose 
of recognizing the formation of radicals. This method had even been 
developed from an originally qualitative method of detection to a quanti- 
tative method for the determination of free radicals. Qualitatively the 
formation of radicals is recognized by the non-applicability of BEER’s Law 
to the phenomenon of the light absorption of solutions. BEER’s LAw states 
that the intensity of the color of a solution does not change on dilution (in 
the direction of light-transmission) when the colored solution is viewed 
through the length of a cylinder while more of the colorless solvent is added. 
For the intensity of light-absorption is governed by the number of light- 
absorbing molecules, and this number normally remains unchanged, under 
the experimental conditions just pictured, so long as dilution is not accom- 
panied by some chemical process, which somehow changes the number of 
the light-absorbing molecules. If now, with increasing dilution, we observe 
an increasing absorption of light, we must conclude that the number of 
the absorbing molecules is also increasing. Now this deviation from BEER’s 
Law is observed in the case of the dissociable ethanes, and since in this 
case the radical is colored, while the undissociated ethanes are colorless, an 
increase in light-absorption on dilution indicates the presence of free radicals, 
for the degree of dissociation must increase with increasing dilution. This 
degree of dissociation can then be calculated from quantitative measure- 
ments on the light-absorption. 

At the present time the most accurate measurements on the degree of 
dissociation are those based on a determination of the magnetism of the 
radical-containing solutions. The free radicals are all paramagnetic, while 
the undissociated compounds, as well as also the ordinarily used organic 
solvents, are diamagnetic. The theoretical foundations for these observed 
facts will be given in Volume II, Book III, Chapter XVII, Section 12 
(Compare also already on p. 191-192). Paramagnetism hence indicates the 
presence of free radicals; its magnitude indicates their concentration (and 
nature). Like other paramagnetic substances, the free radicals also catalyze 
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the transformation para-hydrogen = ortho-hydrogen, so that sucha catalytic 
effect may also be considered as proof for their presence. 74 


(c) Constitutive Prerequisites for the Formation of Free Radicals 


After the existence of free radicals with trivalent carbon had once been 
held to be possible, the next problem to be considered and attacked was 
that of what constitutive peculiarities were to be held responsible for their 
formation and further existence. In the absence of all theoretical support, 
which could only be given much later (see Volume II, Chapter XVII), one 
was for the time being completely dependent on experimental evidence. 
Above all it was obvious that one should vary the substituents in the ethanes 
and thus to study their influence on the degree of dissociation. It was 
necessary furthermore, after the constitutive peculiarities of such dissociation 
effecting substituents were recognized, to seek for other compounds exhibit- 
ing similar constitutive peculiarities, and to observe whether they too could 
form radicals. 

The influence of the replacement of phenyl by biphenyl (xenyl), which 
was investigated by SCHLENK, has already been mentioned. According to 
the latest investigations 22, this affects the color and the degree of dissoci- 
ation as follows; where the degree of dissociation « refers to the benzene solu- 
tion at room temperature and has been recalculated for a 0.1 molar solution 
by use of the mass-action law. The actually observed degrees of dissociation 
are, with the exception of those for hexaphenylethane, higher, since more 
dilute solutions were used. Thus, for example, the observed degree of dissoci- 
ation for the most concentrated solution of hexa-f-biphenylyl (or hexa-xeny]-) 
ethane that could be prepared was 76 %. This explains in part, but not 
completely, the differences with respect to the older data of SCHLENK who 
found in this case, for example, 100 % dissociation. 


(CoHs)3C——C(C.H,), > 2(C,H,),C 


colorless crystals * radical, yellow 9% 


*! Farkas and H. Sacuase, Z. phystkal. Chem. (B), 23 (1933) 119. For the theory 
thereof see E. Wicner, Ibid., 23 (1933) 28. 

22 'W. E. BACHMANN and M. C, KLOETZEL, J. Org. Chem., 2 (1937) 362; C. S. MARVEL 
and coworkers, J. Am. Chem. Soc., 64 (1942) 1824. Partly cryoscopic, partly magnetic 
measurements, the two sets being in mutually good agreement with one another. 
The magnetically determined degrees of dissociation for a 0.03 molar solution at 20° C. 
were for example: (CoH) 3C, rs Pee [(CgsHs)2,-%-C,9H,]C, 34%; see W. Byerty, H.C. 
CUTFORTH, and P. W. SELWoop, J. Am. Chem. Soc. 79 (1948) 1142. 
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oo —_C— C,H, —>-2 » ¢,H,-Cc 
Saris C,H; C.H; 
colorless crystals radical, orange 15 % (Schlenk) 
b 
C,H,—C——C —C,H; — 2 C,H;—C 
ate \ec ,H,—C, HH; C,H,—C,H,/ 
colorless crystals radical, red 18 %. 


(CH; —CgHy)s >C——C< (CoH —C cH) > 2 (C§H;—C,H,),>C 


radical, dark green crystals in solid state, violet red in solution 26 % 


The substance tri-(biphenyl)-methyl is known, even in the solid state, 
only as the radical, as indicated by its deep color, and by magnetic measure- 
ments. In solution, where it displays a different color, it does however 
exhibit partial association. 

The replacement of phenyl by «-naphthyl or @-naphthyl also consider- 
ably increases the degree of dissociation. Even simpler substituents than 
phenyl on the phenyl may considerably increase the degree of dissociation. 
Tri-(p-nitrophenyl)-methyl, 


ox) 

‘ 3 

is known only as the radical 28, Halogen substituents likewise increase the 
degree of dissociation; thus 1,2 di-(p-fluorophenyl)-tetraphenylethane, 


ee iS <(C,H;). III 


yak te ae H 
I ( s)a 
<< >-¢<t (C tae ee 


is dissociated into radicals to the extent of about 20 % **. 
Alkyl groups in the ortho-position exert an effect in the same direction 


23K. ZIEGLER, Amn., 458 (1937) 248. : ' 
24S. T. BowpeEN and Tu. F. Watkins, J. Chem. Soc., (1940) 1249. With silver 
(powder) this radical slowly yields AgF and a new radical, 


C,H; 


KOH Ot 


br, 
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as does halogen. Thus o-tolyl-diphenylmethyl is present to the extent of 
about 20 % > in a 2 % benzene solution of the dimer. On the other hand, 
alkyl groups in the para-position exert only a slight effect on the degree 
of dissociation ?®. It is remarkable, nevertheless, that branched alkyl groups 
in this position produce a considerable increase in the degree of dissociation. 
This fact indicates that not only the chemical nature, but also the space 
occupied by the substituents, has an influence on the dissociation of a com- 
pound into radicals, especially as the polynuclear aryls are also strongly 
space-filling substituents. The experiments that have been made to discover 
new radicals have also moved in these two directions. 

The attempt to prepare higher, completely arylated, paraffins led SCHLENK 
and Mark ”’ to a recognition of the fact that these substances are not at 
all capable of existence: octaphenylpropane decomposes completely into 
the radicals pentaphenylethyl and triphenylmethyl; in place of decaphenyl- 
butane one obtains two molecules, or radicals, of pentaphenylethyl. The 
dissociation takes place, therefore, in accord with the following scheme of 
equations: 








ons eee LOMB CoHy / CoH, CH CoH 

GY tae Cas Gea. te tee CgH;—C—C att 

C,H,’ CoH, au, C,H, C.H,/ cau, 
er CuHy ip CeHy. i C\Hige 0 Lace pei elaaager, 
CyH,—C— —C—C_C,H, > cepts canal duets i 
CH bt, SMG ek cH,/ én. C,H,/ 


Complete arylation is, however, not a necessary precondition for the 
dissociation into radicals, a fact which was however recognized only relativ- 
ely lately, because in the case of the incompletely arylated ethanes the 
phenomena of dissociation are less strongly marked. Thus in the case of 
the penta-arylethanes 8 the dissociation into radicals, the reversibility of 


#5 S. T. BowpeEN and D. L. CLARKE, J. Chem. Soc., (1940) 883. For other dihalo- 
genated hexa-aryl-ethanes, and the effect of the ortho substituent in increasing the 
dissociation, see C. S. MARVEL, F. C. Dietz, and Cu. M. HIME J. Org. Chem F 
yee sa . : 

Mz F. Roy and C. §S, MARVEL, J]. Am. Chem. 506:, 595(t 2622 
details see C. S. Marvet, J. F. Kaptan and Cn. M. ele > 63 vi Sold 
27 ‘W. SCHLENK and H. Mark, Ber., 55 (1922) 2285. 
28 W. E. BACHMANN and F. Y. WISELOGLE, J. Org. Chem., 1 (1936) 334; also W. E. 


BACHMANN and G. Osporn. [bid Se aioe " i igati / 
é : * 40) 29. For the first invest t z 
Bacumann, J. Am. Chem. Soc., 55 (1933) 2135, 3005. aaa! 
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which has been proved 2°, can be detected only at higher temperatures. 
Thus for penta-phenylethane, 


C,H C,H; 


5 

* / 
C,H;,—-C—_CH 
CyH,/ \ C,H; ’ 


in ethylbenzoate solution, the dissociation into radicals is observed only 
above 105 °C; for penta-biphenyl-ethane, 


Ya aia 
GHpO Hoh 40 


% 


Cio: se i OS ra 


C,H;-C,H, 


above 71°. In all cases the equilibrium at ordinary temperatures lies far 
toward the side of the undissociated ethane. The action of oxygen on the 
radicals likewise takes place only on heating; it leads in the main to perox- 
ides of the type, 

CiFlay Cable 

CH,—C—0—-0—C_H etc., 

CoH \CiHs 


proceeds hence just as in the case of the more strongly dissociating hexa- 
arylethanes. 

At 95°C, pentaphenylethane reacts with nitric oxide in accordance with 
a dissociative fission into the radicals 


Mer tec nad “bat CH 

In the case of the tetraarylethanes likewise, reversible dissociation into 
radicals may take place 31. Necessary conditions for this are of course certain 
special constitutive peculiarities,—for the 1,1 : 2,2-tetraphenylethane itself 
does not dissociate into diphenylmethyl. In this case again, the space-filling 
capacity of a group has proved itself to be an important dissociation- 


29 W. E. BacHMANN and F. Y. WIsELOGLE, J. Org. Chem., 1 (1936) 358. 
80 H. SonNNEBORN III and F. Y. WisELoGLE, J. Am. Chem. Soc., 64 (1942) 860. 
$1 J. Coops, W. Tu. Nauta, M. J. E. ERNSTING and A. C. FABER, Rec. Trav. Chim., 
59 (1940) 1109. Compare also Chem. Weekblad 37 (1940) 96. For the dissociation of 
I,I : 2,2-tetra-(diphenyl-vinyl)-ethane 
H~ -H 
((CsH;)2> C=CH—],> c—C <[—CH=C <(C,Hs5)o]» 


in boiling xylene or anisole see: G. WITTIG and B. OBERMANN, Ber., 68 (1935) 2214. 
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fostering factor. Just as above in the case of o-tolyldiphenylmethyl, ortho- 
substituents further permit of the formation of diphenylmethylene *, as 
in the case of the symmetrical tetra-(2,6-dimethylphenyl)-ethane with its 
accumulation of ortho-placed, substituent methyl groups **: 


CH, H 


He je CH, CH, 
MO eco 
Cc CG \ 2 =—-4. 
Guts ta? cae | 
CH, i CH, CH, 
ins eh meri sa; tan 


In another form the influence of space-filling is felt and noticeable in those 
arylated ethanes in which the hydrogens of the ethane that have not been 
replaced by aryl groups have been instead replaced by the rather voluminous 
cyclohexyl group. Thus ZIEGLER *4 was able to prove beyond the question 
of a doubt that 1,2-dicyclohexyl-tetraphenylethane, 

CoHis (CoHs)2 >C—CC(CoHs)2CoHhiy 
as well as a number of other tetra-arylated ethanes, with two aliphatic 
substituents of considerable space-filling ability, as well as even 1I,I,2,2,- 
tetra-cyclo-hexyl-1,2-diphenylethane, 





C.Hiy C,H, 
CeH;—C—C-CH, * 
CH oe Cree 


do undergo dissociation. 


*8 The same effect is shown by methyl groups in the ortho-position in furthering the 
thermal decomposition of the formates of the radical-forming carbinols, as for example 
by a comparison of 


O 
a 
(CoH) >C—O—C oo (C,H,),>CH + Co, 


and 
COO ters CHAECO,. 
(CgH5)>~ SET (GgH5).*" 


Compare S. T. Bowpen, D. L. CLarkeE and W. E. Harris, J.Chem. Soc., (1940) 874. 

ie For the case of the appearance of the diphenylmethyl radicals in chemical 
reactions see W. TH. Nauta and P. J.Wuts, Rec> Trav. Chim., 56 (1937) 5353 57 (1938) 
41; P. J. Wuis and D. Murper, Ibid., (1938) 1385; W. Tu. Nauta and D. MuLDER 
Ibid., 58 (1939) 514, 1062, 1070. 

94K. ZIEGLER, Ann., 551 (1942) 150. 

°° Compare in this connection also the still quite incomplete data of C. S. MarvEL, 
Drs Ree ee gen L. H. Bock, J. Am. Chem. Soc., 52 (1930) 2976; as well as the 
experiments of O. NEUNHOEFFER, Aun., 526 i - 
Greek elicit 526 (1936) 62 on the preparation of phenyl 

m1_~C,H,, 


CoA, 


oH, 
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The significance of the space-filling of, or the volume occupied by, the 
substituting groups for the decomposition into radicals is noticeable both in 
the series of the 1,2-diarylated ethanes as well as in a comparison of these 
with the tetra-arylated ethanes. In the case of the tetra-phenylated ethane 
two methyls suffice to make dimethyl-tetraphenyl-ethane relatively un- 
stable as contrasted to tetraphenylethane itself. Thus the fairly rapid 
decomposition at 70° C. can be ascribed to a primary decomposition into 
radicals **. On the other hand tetramethyldiphenylethane *’ can be distilled 
undecomposed im vacuo. Nevertheless, on slow distillation, by heating to 
300°, this hydrocarbon also changes, undergoing disproportionation to 
isopropylbenzene and «-methylstyrene **: 

(CHpySe-2 Ge (CH); C,H,—C=CH, 
—> C,H,;—CH(CH,), + 
C,H, CLH, CH, 

The intermediate formation of radicals, as well as the constant for the 
rate of dissociation, can be determined by capture-reactions, as for example 
by means of quinones *, The higher homologs, containing 4 ethyl, propyl, 
or butyl groups as substituents in place of methyl groups, exhibit success- 
ively higher constants for the rates of decomposition, the difference for 
change from the methyl to ethyl derivative being by far the greatest. 

The tetracyclohexyldiphenylethane is especially unstable, and is found at 
the end of this series. 

It is of course true that in the case of all of these completely substituted, 
but only partially arylated, ethanes, the amounts of the radicals present 
in the equilibrium mixture are not considerable, but nevertheless the 
presence of these radicals is recognized by the fact that the solutions do 
absorb oxygen at a rate which is determined by the rate of dissociation 


86 On the dissociation of tetraphenylsuccinic acid dinitrile into radicals see G-. 
Wirtic and H. Petri, Ann., 513 (1934) 25; also This Volume, Chapter X, D; 806. For 
the decomposition-dissociation of tetraphenylsuccinic acid-diethyl ester into diphenyl- 
carbethoxy-methyl, 


Tit 
(C,H,)s>C—COOC,H, 


see B. WitTEN and F. Y. WIsELoGLE, J. Org. Chem., 6 (1941) 584. a 

87 It is interesting that this hydrocarbon is formed particularly readily in a radical 
reaction,—the thermal decomposition of diacetyl peroxide into short-lived radicals in 
isopropylbenzene as a solvent (See Chapter X, p. 795). The two methyl radicals here 
formed alongside of CO, snatch a nuclear hydrogen away from the isopropylbenzene. 
The resulting phenyl-isopropyl radicals unite to form tetramethyldiphenylethane. 
See M. S. Kuarascu, J. Org. Chem., 10 (1945) 401. 

88 K. ZIEGLER and W. DEPARADE, Amn., 567 (1950) 123. 


3° Hydroquinone ethers are formed; 2R +- =< >-0 = R-0-< >-0-R. 


See J. SCHMIDLIN, J. Wout, and H. THOMMEN, Ber., 43 (1910) 1298. 
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of the ethane. In the case of di-(tert.-butyl)-tetraphenyl-ethane *°, the dis- 
sociation can also be recognized directly by the appearance of a yellow 
color on heating the solution, which is otherwise colorless at room tempera- 
tures. 

It does seem though as if the corresponding ethane containing the di- 
biphenyl or xenyl radical, in place of the simple phenyl radical, were 
considerably dissociated. The exact determination of the degree of dis- 
sociation strikes upon difficulties in this case, for the free radical of di- 
(biphenyl)-¢ert.-butyl-methyl *, 


(<>) poe 


not only undergoes re-association with its own type of radicals, but also 
simultaneously undergoes further changes involving a disproportionation, 
to form di-tert.-butyl-di-biphenyl-methane, 


[(CH3)3=C] 2 > (CsH,—C,H;)2. 


Another group of ethanes containing not only aromatic substituents, and 
showing reversible dissociation-association, is that represented by the 
dialkylxanthyls 42. 

Here too the radicals readily undergo a change involving disproportion- 
ation. In these cases the equilibria always lie far or completely on the side 
of the dimeric forms: 


rire O 
R 
Bags a < 
where, for example, R = methyl, butyl, benzyl, isopropyl, or cyclohexyl. 
In this case the radicals are detected by means of their absorption of 


Oe ae , 
20 C—R O 
P2s= 


“0 J. B. Conant and R. F. Scuuttz, J. Am. Chem. Soc., 55 (1933) 2098. See further- 
more J. B. Conant and N. M. BicEtLow, ibid., 50 (1928) 2041; also J. B. Conant, 
L. F. SMALL, and A. W. Stoan, ibid., 48 (1926) 1743. The doubts that might still 
exist after the experiments and data of CoNANT and SCHULTZ, as to whether the light 
orange substance, melting at 136—7°, they obtained is really the dimer of the radical 
Le; di-(tert.-butyl)-tetra-(bi-phenyl)-ethane, may be regarded as answered by ZIEGLER, 
who has been able to prepare similar radicals and their dimers as well (Ann. 55% 
(1942) 150. At the same time on the other hand, the degrees of dissociation given by 
CONANT and SCHULTZ, and which were obtained by the determination of the mole- 
cular weight, can not be considered as reliable. 

*' See footnote 4o. 

“J. B. Conant and coworkers, J. Am. Chem. Soc. 5 ; 
(3926) 1743; 49 (1927) 2080; 51 eoac 1925. et ea ae 
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molecular oxygen #%, and isolation of the peroxides thus formed; as well 
as in some cases by the colors of the solutions which appear on heating to 
higher temperatures. 

The mode of preparation of all of these saturated hydrocarbon-radical- 
containing ethanes, or of their corresponding methyl radicals, is different 
from the classical method of GoMBERG, in which a halogen atom is removed 
by means of (molecular) silver or copper powder; we shall have more to 
say about this further on. Still another method leads to the tetraphenyl- 
allyl radicals which contain unsaturated substituents. These latter were the 
first examples for the fact that for the dissociation of an ethane into radicals 
it was not absolutely necessary that the ethane be completely arylated. 

The radicals of this class were discovered by ZIEGLER“, and are character- 
ized in part, in contrast to the purely aromatically substituted, by their 
great stability, in the solid state, to atmospheric oxygen. In solution, 
however, they are all oxidized by oxygen to peroxides and still further; 
thus, for example, the deep green I,1-di-anisyl-3,3-diphenyl-allyl and the 
1-0,p-dimethoxy-pheny]l,-1-p’-methoxy-phenyl,-3,3-diphenyl-allyl: 


CH,;0—C, Hy m1 7 CoH 
C—CH=C 
CH,O—C,H,~ ™O,He, 
and 


(CH,0),C,H3~ m1 C,H; 
C—CH= 


CH,O—C,H,~ et ols Fay 


The case of a substance containing only one aromatic residue directly 
attached to the trivalent carbon atom, and two aryl-allyl residues, closed, 
it is true however, to form a ring, is illustrated by the intensely violet 
pentaphenyl-cyclopentadienyl #°, which can not undergo association to a 
dimeric form, 

os ek eT oe on 2 


| | 
eis eet Cp Ones B= 
ent ae 


iI 
C,H; 


48 For the proof of this structure see K. ZIEGLER, Ann., 551 (1942) 150. For the 
special position of bis-9-phenylfluorenyl when subjected to auto-oxidation, see as 
same paper; as likewise for the disproportionation of the radicals and the ratio of the 
velocities of disproportionation and association. 

44 K. ZrecLER and C. Ocus, Ber., 55 (1922) 2257; also K. ZIEGLER, Ann., 434 

192 3 
‘s Tae init and B. SCHNELL, Ann., 445 (1925) 260. 
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In all of the radicals so far recognized or known, at least one aromatic 
or unsaturated residue or group is attached directly to the trivalent carbon 
atom. No dissociation of the C—C-bond which would lead to the formation 
of radicals is exhibited by the following substances: 


Hexanitroethane (O,N) —C—C<(NO,) Fie 


Hexachloroethane Cl; >C—C<Cl, 


Hexamethylethane (CH,);>C—C<(CHy), *7 
M.pt. 100.6° b.pt. 106.3° 


Aaa Hae Asati 
Ds we 
Hexa-cyclohexyl-ethane (r. Co he Cete \ Vas 
\cH,—cH,“~ 2 ee CH,—CH, 3 


has not as yet been prepared. 


(d) Preparation of Free Radicals 


The classical method of GoMBERG, the preparation of radicals by removal 
of halogen by means of finely divided silver or copper, is not always applic- 
able; for since some halides react only very slowly, the rate of formation 
of the radicals by this method is very often less than the rate of further 
irreversible changes undergone by the radicals first formed. The more 
energetic action of potassium or of sodium only seldom leads to the object 
in view 48, for the radicals themselves can undergo reactions also with 
these metals. For this reason it is often necessary to revert to other methods, 
such as those discovered especially by ZIEGLER. Two of these may be discus- 
sed at this point. 

One of the methods used to prepare radicals with saturated, alongside 
of aromatic, substituents makes use of the ability of suitable hydrocarbons 
to undergo fission of a C—C-bond when subjected to the action of an alkali 
metal, and to yield alkali-organic compounds 4%. The most suitable agents 
for this purpose are the liquid alloys of potassium and sodium. Thus for 
example, 1,1,1,2-tetraphenylethane undergoes such fission; yielding tri- 


a WY WILE, Beri 47 (1914) 963. 
“ L. HENRY, Compt. Rend., 142 (1906) 1075; Rec. Trav. Chim., 26 (1907) 86, For 
the method of preparation from trimethylacetic acid by means of a Grignard reduction 


with CH,MgCl, see G. CALINGAERT, H. Soroos, V. Huizpa, and H. SHaprro, J. Am. 
Chem. Soc., 66 (1944) 13809. 


*8 Compare p. 176, footnote 19, 
*® K. ZreGLER and E. TuHrE_Mann, Ber., 56 (1923) 1740. 
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phenylmethyl-potassium, alongside probably of the very readily decompos- 
ed and unstable benzyl potassium °°. 


(C,H,);>C—CH,—C,H, + 2K = (C,H,)=C—K + KCH,C,H;. 
Such alkali organic compounds can also be obtained by the alkali metal 
fission of ethers *. 
The metal atom can be withdrawn from these alkali metal organic com- 


pounds by means of 1,2-dibromo-tetramethyl-ethane (tetramethylethylene 
dibromide), yielding the free radicals °*. Thus for example: 


(<> )pem riage ccten 
C(CHs)s3 Br Br 
— 2 {« >< >) = om + 2NaBr 
" C(CH 


) 
"| (CH,), > C=C <(CH,), 


In this case then, the alkali metal atom is withdrawn by the very gentle 
means of a relatively loosely bound halogen atom, while on the other hand 
the GoMBERG method relies on the abstraction of loosely bound halogen 
by means of metal atoms. 

For the preparation of the tetraphenylallyl radicals, ZIEGLER made use 
of another method, as illustrated by the example of 9-(%,6-diphenylvinyl)- 
xanthyl. Phenyl magnesium bromide is allowed to react on the perchlorate 
derivative of the radical desired. In principle two reactions are possible: 


atti. ape 
ae Ti \cu \C,H; 
i 
C(C,H5)2 
a) ae CoH or , Br 
) C + CoHs—CoH + 2 MQ 
\c 87% \ ‘ C10, 
Cen Co HaeOtCEy), 


50 W, ScuiENK and J. Horrz, Ber., 50 (1917) 269. Compare also E, Marcus, 


Dissertation, Jena, 1914. 
51 K, ZIEGLER and B. SCHNELL, Ann., 437 (1924) 227; K. Z1eGLER and F. THIEL- 


MANN, Ber., 46 (1923) 17409. 
52 J. B. Conant and R. F. SCHULTZ, J. Am. Chem. Soc., 55 (1833) 2098; K. ZIEGLER 


and B. SCHNELL, Ann., 437 (1924) 237. ; 
53 This compound is formed from xanthone and diphenylvinyl magnesium bromide, 


according to the GRIGNARD method. 
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aN oes Br 
and b) 20 C + 2Mg 
ACIO, 


\c,H \CH=C(C.H,)s 


According to the first course of the reaction then, /7ke vadicals, diphenyl- 
vinyl-xanthyl and phenyl, respectively, join together to form compounds, of 
which the former may again undergo measurable dissociation ; according to 
the second course of the reaction, the unlike radicals enter into combination 
with each other. 

The synthesis of pentaphenyl-cyclopentadienyl offers nothing of special 
interest since it is formed by GOMBERG’s method from the corresponding 
bromide and finely divided silver; it does not form a perchlorate because 
the carbinol is too weakly basic. The preparation of this carbinol, which 
has a claim to our attention from the standpoint of its general synthetic 
interest alone, is possible by the following readily understood method: 
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(e) Short-lived Carbon Radicals *4 


While it is true that according to the experience so far made, completely 

saturated hydrocarbons are not able to dissociate measurably at ordinary, 

or even at slightly elevated, temperatures (see below), or in solution, the 

free alkyl radicals formed by the decomposition of certain organic compounds 

do nevertheless, under some conditions, lead a separate existence, though 
** See on this G. Wirtic, Z. angew. Chem., 52 (1939) 89. 
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of short duration. Thus, as PANETH ® found, the thermal decomposition of 
lead tetramethyl, Pb(CH3)4, or of bismuth trimethyl, Bi(CHg)s, at reduced 
pressures, yields a gas which is able for a short time to ‘‘dissolve” thin 
deposits, or mirrors, of lead, bismuth, antimony, or zinc. The reaction 
product formed by the action of this gas on zinc was identified, both by 
means of its chemical properties as well as by the practical agreement of 
its melting and boiling points, as zinc dimethyl. With arsenic the chief 
product is cacodyl, (CH3),>As—-As< (CHy)», alongside of trimethyl arsine 
(CH3)3=As; with antimony, the analogous compounds are formed, but in 
inverse relative amounts **. For these reasons the presence of free methyl 
must be assumed; its half-life period has been calculated, on the basis of 
certain assumptions, to be of the order of magnitude of 10°? sec. 

Under considerably milder conditions than those used in the cases of 
Pb(CH,), and Bi(CHs)3, the thermally extremely unstable silver alkyls 
decompose to yield methyl and other free alkyl radicals *’. 

Free benzyl, which has a half-life of about 6-10 8 sec., is formed by the 
thermal decomposition of tetrabenzyl tin (C,H;CH,),Sn °° as well as from 
dibenzyl ketone, (C,H;CH,),CO °°, or from toluene at pressures of 0.10 to 0.05 
mm and temperatures of 900 to 1000° *9. 

Indeed, in general, short-lived free radicals occur quite frequently in 
connection with the thermal decomposition of numerous organic compounds ; 
they may also be formed by irradiation with ultraviolet light. Only a few 
examples will be mentioned here; they are for the most part taken from 
the comprehensive papers of RIcE °°. 

The thermal decomposition of butane and of propane at 800—1000° 
leads to methyl and ethyl; acetone yields methyl radicals. In these cases 
the radicals are detected through capture by means of mercurous bromide, 
HgBr, as CH,HgBr or C,H;HgBr; the methyl also, by means of a tellurium 
mirror, in the form of the deep red dimethy] ditelluride, CH; —Te—Te—CHs, 
melting at —-1g.5° and boiling at 196° %!. The half-life of the methyl in 


55 F, PANETH and W. Lautscu, J. Chem. Soc., (1935) 381. 

56 F. PanetuH and H. Loceir, J. Chem. Soc., (1935) 366. 

57 G. SEMERANO and L. Riccopont, Ber., 74 (1941) 1089, 1297. 

58 fF. PaneTH and W. Lautscu, J. Chem. Soc., (1935) 381. 

°° F. Hern and H. J. Mes&e, Naturwissenschaften, 26 (1938) 710; detection by means 
of Hg vapor as Hg (CH,C,H;5)>. 

- See pe oie = O. se W. R. Jounston and B. L. Everine, J. Am. Chem. 
Soc., 54 (1932) 3529; Rice and Everina, Ibid., 56 (1934) 2105 and many other papers. 
The work was summarized up to 1935 by F. O. Rice and K. K. Rice, The Aliphatic 
Free Radicals, London: Oxford University Press (1935); and Johns Hopkins Press, 
Baltimore (1935). See also, Y. Mayor, Application of the Theory of the Free Radicals 
in the Investigation of the Pyrolysis of the Acyclic Hydrocarbons, Rev. Chim, Ind. Monit. 

neville, z 1940) 118. 
an F. O. RA aha, L. GLASEBROOK, J. Am. Chem. Soc., 56 (1934) 2472. 
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these experiments was found to be of the same order of magnitude as that 
of the methyl prepared from tetramethyl lead. Irradiation of the ketones ® 
by means of ultraviolet light yields radicals consisting of the alkyls attached 
to the carbonyl; acetone also, when irradiated at 20°, yields the very 
unstable acetyl radical, CH,CO—®*. In the case of acetophenone *, of course, 
only methyl and phenyl have been proven present by the formation of 
diphenyl telluride, (C,H;),Te, methyl phenyl telluride, C,H;TeCH;, and 
dimethyl telluride, (CH;).Te. No dimethyl-ditelluride, (CH;),Te,, is observed 
in this case. 

The presence of methyl and ethyl as short-lived radical structures can 
finally be recognized in still another, quite different reaction,—namely the 
interaction of highly diluted methyl and ethyl bromide vapors with sodium 
vapors ®°, 

In what manner the free radicals here mentioned undergo further changes, 
and how they react chemically with other substances, is known—if we 
neglect the capture reactions used for their detection—in only a few cases ®. 

Thus, for example, two methyl radicals may combine to form an ethane 
molecule *. If other substances are also present, these may be attacked. 
Thus in a hydrogen atmosphere, methane is formed, probably in the tri- 
molecular reaction (See p. 707), 2 CH, + H, = 2 CH,; alongside of this 
is formed also a small amount of atomic hydrogen in the bimolecular 
reaction, CH, + H, = CH, + H ®. In benzene vapor only a small amount 
of methane is formed, in toluene vapor slightly more ®, Ethyl radical is 
usually converted into butane, ethane and ethylene 79, 


° T. G. Pearson and R. H. Purcett, J. Chem. Soc. (1934) 1718; (1935), 1151; 
(1936), 253. Also A. N. TERENIN, Trans. Faraday Soc., 31 (1935) 1483. 

88 H. H. GLazEBRoox and T. G. Pearson, J. Chem. Soc., (1937) 567. 

64 H. H. GLazeBroox and T. G. PEARSON, J. Chem. Soc., (1939) 580. 

°° E. Horn, M. Poranyiand D. W. G. STYLE, Z. physikal. Chem. (B), 23 (1933) 291. 

A See in this connection also F. O. Rick and E. TELLER, J. Chem. Phys., 6 (1938) 
489. 

** F, PANETH, W. Horepitz and A. Wunscu, J. Chem. Soc., (1935) 372. Ethane is 
formed exclusively when the methyl is produced, under certain special precautions, 
from methyl silver, CH,Ag, at —35°, and all contact with other substances is avoided. 
See G. SEMERANO and L, Riccopont, Ber., 74 (1941) 1080; Z. Elektrochem., 47 
(1941) 484. Under less mild conditions, not only C,H, but also C,H,, CH,, H,,-C.He 
C,H, etc., have been obtained. Compare also E. W. R. Steacte and N. W.F. PHILLIPS, 
J. Chem. Phys., 6 (1938) 179. On the subject of CH,Ag, see further H. THEILE, Z, 
Elektrochem., 49 (1943) 426, 

88 F, PANETH, W. Horepitz and A. Wunscu, J. Chem. Soc., (1935) 372. H. A. Tay- 
LOR and M. Burton, J. Chem, Phys., 7 (1939) 675. 

°° H. S. Tayzor and J, O. SMITH, J. Chem. Phys., 8 (1940) 543. 

7° Summary and Review: G. SEMERANO, L. Riccosponi and F, CaLLeGarI, Ber., 
74 (1941) 1304. In the same paper (from p. 1297 on) is cited the complete literature on 
the ethyl radical. For the reactions of C,H; see also H. S. Taytor and W. J. Moore 
Jr., J. Chem. Phys., 8 (1940) 396, ; 
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The free radicals here described are precisely those the preparation and 
formation of which was demanded by the radical theory of the thirties and 
forties of the last century. Their properties show them to be fundamentally 
different from the stable organic compounds, as well as from the radicals 
of the type of triphenylmethyl: they are accordingly much rather short-lived 
structures to be placed side by side with atomic hydrogen, atomic chlorine, 
atomic oxygen, among many more. But the roéle of such short-lived radi- 
cals 71 as intermediate steps in chemical reactions is such that it must be 
discussed in detail later on in Chapter X. On this subject let us now say, 
however, this much, that the usual chemical reactions carried out entirely 
in condensed systems can not be compared without further ado and con- 
siderable reservations with the reactions which have here been described as 
leading to radical formation, since for the preservation of the radical mole- 
cule a great dilution in the gas phase is a prerequisite. 


(f) Formulation of the Radicals with Trivalent Carbon 


The great reactivity of the free radicals finds expression at a particular 
position of the molecule which is capable of undergoing addition reactions 
to the trivalent carbon atom. It is at this point that oxygen attacks to 
form the peroxides, that electronegative halogen as well as electropositive 
alkali metal atoms add on. In the latter case very reactive alkali-organic 
compounds are formed; thus from triphenylmethyl, for example, the red 
triphenylmethyl sodium. The formation of these substances is of importance 
for the formulation of the free radicals. According to the classical theory of 
valence, the reactions named are explained by the presence of a “‘free 
valence” on the trivalent carbon atom. While it is true that there are also 
a number of reactions for which this formulation does not correspond to 
the chemical behavior, it is sufficient here to dismiss them by a mere mention 
of the fact, since these exceptions will be discussed at another point later 
on (See pp. 234-236). 

The concept of free valence can be expressed more precisely by means of 
the electron theory of valence. As the notation using electron formulas 
shows at once, these substances contain a single unpaired electron, which 
according to the formula does not participate in any of the bonds expressed 
in the formula: eH GH; 

=e Ass 
£4 eu 
C,H; 
where the cross represents the unpaired electron. 

71 On the stability of such radicals, see C. E. H. Bawn, Trans. Faraday Soc., 34 

(1938) 598. 
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As will be mentioned briefly here at once, it can be established theoreti- 
cally (for details see Volume II, Book III, Chapter XVII) that substances 
which contain an unpaired electron must be paramagnetic (Compare already 
previously on p. 177). The independence of the unpaired electron does not of 
course in reality correspond to the above formula, but is rather, as follows 
from the quantum theory of the radicals, closely anchored and related to 
the complete bonding system of the trivalent carbon atom and the aromatic 
rings. For the time being, we can, however, here, where we are concerned 
only with a formula which will satisfy the systematics, neglect this factor. 
At the end of this chapter we shall again return to the problem of the con- 
stitutive peculiarities of the unpaired electron in the free radicals. 

The alkali compounds of the radicals mentioned above are to be thought 
of as salt-like compounds in which the radical is contained as the anion, as 
for example (C,H;),->C—Na. This is indicated by, among other things, the 
conductivity of their solutions in ether 72. In these solutions, however, the 
triphenylmethyl ion is probably not present as an independent anion 
(CsH;)s==C’, but it is rather probable that complex ions are present, and 
that these latter conduct the current. Such complex ions are in any event 
present in the electrolytically conducting solutions of the alkali-alkyls in 
zinc di-ethyl solution 7%. While the alkali metal in these migrates to the 
cathode, and the alkyl to the anode, nevertheless the ions which actually 
effect the transport of electricity are certainly of a complex nature, as shown 
by the manner of the dependence of the conductivity on the concentration, 
as well as by the other properties of the solutions 74. 

Corresponding entirely to the alkali compounds of the free radicals is the 
tetramethyl-ammonium-triphenylmethyl compound prepared by SCHLENK 
and Ho1z > by interaction of the sodium compound of triphenylmethyl 
with tetramethylammonium chloride. 


(CH,),NCl + Na—C=(C,H;)s —> [N<(CH,),] [(CgH,)=C] + NaCl. 


The salt-like nature of this substance is proved by its electrolytic con- 


ductivity in pyridine solution, in which the substance probably dissociates 
in accord with the equation: . 


. III 
[N(CHs)4] [(CeHs)sC] 2 N(CH,), + (C,H;),C’. 
ir W. SCHLENK and E, Marcus, Ber., 47 (1914) 1678. 
F. HEIN, Z. Elektrochem., 28 (1 922) 469; Z. anorgan. u. aligem. Chem., 141 (1924) 161. 


é 


For complex lithium alkyls, including Li,Zn(CHs),, see D. T. Hurp, J. Org. Chem. 
13 (1948) 711. 
74 F. Hern and H. Scuramn, Z physikal 
' » 4. phystkal, Chem, (A), 151 1930) 234; F. HE 
A. PAULING, Z. physikal. Chem. (A), 165 (1933) 338. elena a 
’° W. SCHLENK and J. Hortz, Ber., 49 (1916) 603; 50 (1917) 274. 


72 
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Nevertheless it must be admitted that proof by means of conductivity and 
transference in other solvents is lacking; it is also possible that in the pyri- 
dine solution complex molecular compounds are formed, and that these 
then take over the conduction of the current. In fact some color phenomena 
seem to indicate that this occurs. 


(g) Radicals of Other, Normally Tetravalent, Elements 76 


The atoms of the higher homologs of carbon in the periodic system are also 
able to unite to one another, except that in general the compounds thus 
formed are less stable than are the corresponding carbon compounds, both 
as regards thermal stability as well as with respect to various chemical 
reagents. The tendency toward dissociation into free radicals is met here 
too; it depends however, apparently, on other circumstances than in the 
case of the carbon compounds. 

Silicon. Hexaphenyl-disilane, (C,H;),Si—Si(C,H;),; was prepared by 
SCHLENK “*; it shows no tendency toward dissociation and melts unde- 
composed at about 354°. 

Tim. Hexaaryl-distannanes are obtained according to KRrAusE and 
BECKER ** by the usual method from triphenyltin chloride and sodium 
metal, or by the rearrangement of tin diphenyl (formed from stannous 
chloride and phenyl magnesium bromide) with an excess of phenyl magne- 
sium bromide: 


SnCl, + 2 C,H;MgBr -—>» (C,H;),.>Sn + MgCl, + MgBr, , 
a ba oa 
3 (C.H;).>Sn (C,H;MgBr) Sn + (C,H5)3>Sn—Sn(C,Hs5)s . 


These hexaaryl-distannanes are colorless both in the solid state and in 
solution, although in the case of hexa-f-tolyl-distannane, and of hexa- 
p-xylyl-distannane, the molecular weight determinations do seem to in- 
dicate some dissociation. 

Likewise still unclarified are the relationships among the trialkyl-stan- 


76 Compare in this connection also K. A. Hormann and U. R. Hormann, Lehrbuch 
d. anorgan. Chemie Braunschweig (1941), section on the Metal Organic Compounds, 
pp. 672—695; furthermore E, Krause and ARISTIDE Vv. GRossE, Die Chemie der metall- 
organischen Verbindungen, (Chemistry of the Metal Organic Compounds), 1935. Born- 
traeger, Berlin (1937). 

77 W. ScHLeNK and J. RENNING, Ber., 44 (1911) 1178. For the preparation of further 
hexaaryl-disilanes by the principle of the Wurtz synthesis see W. C. SCHUMB and 
Cu. M. SaFFER Jr., J. Am. Chem. Soc., 63 (1941) 93. According to H. GILMAN and 
T.C. Wu, J. Am. Chem. Soc., 73 (1951) 4031, the Si-Si-bond is not broken by sodium 
in liquid ammonia, by halogens, nor by oxygen, though it does undergo fission under 
the action of potassium-sodium alloy in ether, yielding potassium-tri-phenyl-silane, 
(C,H;), Si K. 

78 E, Krause and R. Becker, Ber., 53 (1920) 173. 
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nanes 79, It is however certain that hexa-cyclohexyl-distannane *° is com- 
pletely dissociated in dilute solution; in concentrated solutions it has 
double the molecular weight shown in dilute solutions. 

Lead. The situation and relationships can be seen here more clearly than 
in the case of tin. No doubt exists in this case as to the dissociation of the 
hexaaryl-diplumbanes; thus, for example, tri-p-xylyl-lead in a 0.1 % 
solution in benzene is dissociated practically completely *1; hexaphenyl- 
diplumbane is, however, dissociated only slightly more than 1 %, *. 

In both crystal form and in its chemical behavior hexa-cyclohexyl- 
diplumbane ** very closely resembles hexa-cyclo-hexyl-distannane, except 
that it is yellow in color. Its mode of formation from lead dichloride and 
cyclohexyl magnesium bromide reminds one of the corresponding tin 
compound: 


3 PbCl, + 6 C,H,,MgBr = (C,H,,);Pb—Pb(C,H,,); + Pb + 3 MgCl, + 3 MgBr,. 


This method of preparation can not, however, be used to prepare the 
hexaaryl-diplumbanes, for tetraphenyl lead is obtained instead: 


2 PbCl, + 4 C,H,;MgBr = (C,H,),Pb + Pb + 2 MgCl, + 2 MgBr,. 


In dilute benzene solutions (0.2 % and less) cryoscopic measurements 
indicate the exclusive presence of the radical tri-cyclohexyl lead. In some- 
what more concentrated solutions, on the other hand, considerable amounts 
of the dimeric diplumbane are present. Thus at 0.5 % concentration, 
dissociation amounts to only about 30 %. The degrees of dissociation thus 
derived do not, however, at all agree with the results of magnetic measure- 
ments (Compare p. 177, according to which, even in strongly diluted solu- 
_ tions, only about 10 % of the hexa-cyclohexyl-diplumbane is dissociated .—S 
Perhaps this is related to some kind of disproportionation such as has also 
been observed in the case of the hexaalkyl-diplumbanes at 100° 85, Cryoscopic 
determinations in naphthalene and diphenyl do not indicate any marked 
dissociation either in the case of hexa-cyclohexyl-diplumbane or of hexa- 
phenyl-diplumbane **. The degrees of dissociation found for hexaethyl- 


According to some magnetic measurements of H. Morris and P. W. SELWooD 
(J. Am. Chem. Soc., 63 (1941) 2501), [(CsHy1)3Pb], and [(CH;),Sn], show no para- 
magnetism even at greatest dilutions. 

8° E. Krause and R. Pouianp, Ber., 57 (1924) 532. 

*! E. Krause, Ber., 52 (1919) 2165; E. Krauss and G. G. Reissaus, Ber., 55 (1932) 
888; L. S. Foster, W. M. Drx and I. J. GruntFest, J. Am. Chem. Soc., 61 (1939) 
1685; R. PRECKEL and P. W. SELwoop, Ibid., 62 (1940) 2765. 

2 E. Krause, Ber., 54 (1921) 2060, 

ss K. A. JENSEN and N. CLauson-Kaas, Z. anorgan. Chem., 250 (1943) 277. 

G. CALINGAERT, H. Soroos and H., SHAPIRO, J. Am. Chem. Soc., 64 (1942) 462. 
See also footnote 79, page 193. 
L., MALATESTA, Gazz. Chim. Ital., 73 (1943) 173. 
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diplumbane *? from cryoscopic measurements, seem then, on the basis of 
these results, somewhat uncertain. This substance was obtained by elec- 
trolysis of triethyl-lead-hydroxide, which takes place in alcoholic solution, 
like the electrolysis of a base: 


2 [Pb(C;Hs5)3] OH = [Pb(C,H;)3). + H,O + O. 


(h) Radicals with Divalent Nitrogen and with Univalent Oxygen 


Corresponding to the radicals with trivalent carbon are the compounds of 
divalent nitrogen, which were investigated especially by WIELAND 88, The 
analogue of hexaphenylethane is tetraphenylhydrazine. The benzene solution 
at go° C is green, indicating partial dissociation: 


(C,H5)2N-—N(C,H;). [= 2 (Cay an”. 


5/2 <— 


Replacement of phenyl by biphenyl does not in this case, otherwise than 
in the case of the substituted ethanes, affect the degree of dissociation ; 
tetva-biphenyl-hydrazine is likewise scarcely dissociated into radicals. On the 
other hand, certain other substituents on the phenyl do increase the degree 
of dissociation; especially methyl in the ortho, still more methoxyl and the 
dimethylamino-group in the para-position. Tetra-(p-dimethylaminopheny]l)- 


hydrazine 
( (CH).N-K >), >N—N< (<< >—NIcH)), 


is, as molecular weight determinations show, dissociated to the extent of 
about 20 % in nitrobenzene solution, and about 10 % in benzene solution, 
Bee 5° C. 

Other substituents, as for example nitro groups, completely destroy the 
capacity for dissociation. The influence of the nitro group is in this case 
then just the opposite of that in the case of triphenylmethyl. No tendency 
whatever toward dissociation is shown by di-tertiary-hydrazines with 
aliphatic and aliphatic-aromatic substituents, as for example tetrabenzyl- 
hydrazine, (Cg,H;CH,).N—N(CH,C,H;)9. The nitrogen-nitrogen bond in 
this compound can not be broken even by reactions such as reduction, 
which in the case of other hydrazines lead directly to a smooth fission process. 

Just as hydrazine with a nitrogen-nitrogen bond can be considered as an 
analogue of ethane, so can tetrazane, H,N—NH—NH—NH,, which is 
known only in the form of its derivatives, be considered as an analog of 
butane. The decomposition of decaphenylbutane into pentaphenyl-ethyl, 


87 THOMAS MIDGLEY JR., C. A. HOCHWALT and G, CALINGAERT, J. Am. Chem. Soc., 
45 (1923) 1821. ; 

88 FH]. WIELAND, Ann., 381 (1911) 200; 392 (1912) 127; 401 (1933) 233; Ber., 48 
(1915) 1078, 1098, 1112 etc. etc. 
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observed by SCHLENK, now finds its analogue in the dissociation of hexa- 
phenyltetrazane into triphenylhydrazyl as observed by GOLDSCHMIDT *9: 


C,H a NN ul 
(oman Sr Ente 9 COR SS RN ee Ele 


(CHy)s >N—N—C.H, 

In this case, however, the dissociation is not complete. In experiments 
conducted to isolate the radical triphenylhydrazyl in quantity, the product 
isolated was always only colorless hexaphenyltetrazane. The solutions are 
however a deep blue-green and do not obey BEER’s law on dilution. Such 
solutions of triphenylhydrazyl are obtained by careful dehydrogenation 
of triphenyl- hydrazine by means of lead dioxide: 


Ir 
(C,H;),N—N—C,H, —> (C,H;)2.N—N—C,H;. 
af 


In the case of tetraphenyl-{di-f-chlorophenyl]-tetrazane *°, which has not 
been obtained in crystal form, the dissociation, 


(C,H,),>N-N~< > = 
| = ITCH) Se NENSO Tet 
(CgH5).> N-N-< Cl 


is much further-going. The Lambert-Beer law fails to apply already at —70°, 
while above —20° it is again applicable, so that one must assume practically 
complete dissociation at higher temperatures. 

In the case of compounds suitably substituted in the phenyl nucleus the 
dissociation of the tetrazanes into free radicals may become complete, so 
that only the colored radical, but not the colorless tetrazane, is known. 
Thus for example, «, «-diphenyl-$-trinitrophenyl-hydrazyl, 


NO, 
C,H pe II 3 
etts oN S_no, 
Cities ak 4 
NO, 


forms violet-red crystals closely resembling ~potassium permanganate; and 
the molecular weight determinations definitely indicate the simple radical 
formula 9, 


It is remarkable that here the introduction of nitro groups favors the 


*® STEPHAN GOLDSCHMIDT, Ber., 53 (1920) 44. 

*° St. GoLtpscHMiptT and A. Wo F, Ann. 437 (1924) 194. Here will be found data 
on other tetrazanes and hydrazyls as well. 

*t St. GoLtpscumipt and K, RENN, Ber., 55 (1922) 628. 
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dissociation of the tetrazanes into radicals, while in the case of tetraphenyl- 
hydrazine their introduction had the opposite effect. 

The presence of radicals in the solutions of hydrazyls prepared by GoLp- 
SCHMIDT has been confirmed more recently by magnetic measurements %. 
These also confirm the lack of re-association in the case of the «,«-diphenyl- 
8-trinitrophenyl-hydrazyl radicals. 

Like the compounds of trivalent carbon, the radicals with divalent 
nitrogen are in general also distinguished by great reactivity and instability. 
Toward oxygen, however, the latter are insensitive. The tendency for 
nitrogen to pass over to some other valence is shown, nevertheless, by 
spontaneous autodecomposition in solutions. Thus fetra-anisylhydrazine 1s 
slowly converted, by reduction of the one half, and dehydrogenation of the 
other half of the molecules, into di-anisyl-amine and dianisyl-dihydro-anis- 
azine % (disproportionative dissociation or fission, followed by association 
of the ortho-phenyl oxidized radicals: 


4 (CH,0-C,H,).N = o(cHo—< >} > NH 
2 


C,H,-OCH, 
| 
N 
a iN/ YY pocn 
CH,O—\ | ss 
C,H,-OCH, 


Furthermore very characteristic is the capacity for the addition of nitric 
oxide common to most of the radicals with divalent nitrogen. Thus the blue 
color of a solution of triphenylhydrazyl from hexaphenyltetrazane disap- 
pears on treatment with nitric oxide, even at low temperatures, due to the 
formation of triphenyl-nitroso-hydrazine: 


Ir 
(C,H,),N-N+NO = (C,H,),—-N—N—N-O 


| 
C,H; C,H; 


The same substance is formed also from triphenylhydrazine and nitrous acid : 


(CH). >N—NH oer (C.H,)2> NAG cee 
C,H; C,H; 


92 H. Katz, Z. Physik, 87 (1933) 238; EUGEN Miuxcer, I. MULLER—RODLOFF, and 
W. Bunce. Ann., 520 (1935) 235; J. TURKEVICH and P. W. SELwoop, J. Am. Chem. 


Soc., 63 (1941) 1077. j 
#3 FH]. WIELAND and H. LecueEr, Ber., 45 (1912) 2600. 


198 ABNORMAL VALENCES OF CONSTITUENT ELEMENTS IV 


On the other hand, «, «-diphenyl-B-trinitrophenyl-hydrazyl, which is 
known only in the form of the free radicals, fails to exhibit this reactivity 
toward nitric oxide. 

It is worth noting, furthermore, that the radicals of trivalent carbon and 
of divalent nitrogen, the tendency of which to pair up with a second similar 
radical is rather slight, do nevertheless readily unite with one of a different 
type, as for example: 


II IIt 
(CH3,0-C,Hy)2 >N + C<—(CeHs)s oT (CH,0-C,H,).> N—C=(C,Hs)s5 


The substances thus formed by addition show a tendency toward disso- 
ciation into the radicals from which they have been formed only at higher 
temperatures, as for example, at 140°C in xylene solution %. (See in this 
connection also Vol. II, Book III, Chapter XVII.) 

The existence of radicals with wnivalent oxygen has not yet been established 
with the same degree of certainty as has that of the carbon and the nitrogen 
radicals, although GoLpscHMIpT % was able to show a considerable proba- 
bility for their existence by his observations on quite analogous phenomena 
in suitably substituted oxygen compounds. Phenanthrenehydroquinone- 
mono-ethyl ether (the monomethyl ether behaves in quite the same manner) 
on careful oxidation with potassium ferricyanide yields a substance giving 
almost white crystals and presumably containing the oxygen in a peroxide 
type linkage. In chloroform the substance dissolves with a greenish yellow 
to yellow color. The solution does not obey BEER’s law; hence on dilution 
there is an increase in the number of light-absorbing molecules or radicals 
ore to disssociation. The molecular weight in benzene solution is too small 
duf the peroxide, and decreases continously with decreasing concentration 
(increasing dilution), again indicating an increasing dissociation: 


‘os dissociation \ 
| Pale 


Ne ces eee 
—~OH —Ol 
oe x oes: Pik ak Chr 
OD ae Yynene (yO 
oxidation abot, O ——O-1 FAO 
ee. Pow 
ai \Y 
As in the case of the nitrogen radicals, these oxygen radicals also add 


triphenylmethyl, as recognized by the disappearance of the color; the 
resulting ether was of course, it is true, not isolated, but the products of its 





** H. WiELanp, Ann., 381 (1911) 215. 
°° St. GOLDSCHMIDT, Ber., 55 (1922) 3194; Ann., 438 (1924) 202; 445 (1925) 123. 
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hydrolysis,—triphenylmethyl carbinol and phenanthrenehydroquinone- 
mono-ethyl ether,—were obtained. 

Nevertheless, the magnetic measurements %*, which yielded no significant 
paramagnetism, have shown that the dissociation, if any at all occurs, must 
amount to less than 2%. At the same time irradiation by ordinary light 
makes the benzene solution paramagnetic. Hence the peroxides do not disso- 
ciate spontaneously, but are split apart only by the action of light. That a 
purely thermal dissociation of peroxides into radicals may also occur is 
illustrated by the diacyl and other peroxides, the radical-dissociation of 
which may have a decisive effect on various reactions (See Chapter X, 
pp. 645—647). 

Much more complicated than in the case above are the relationships in 
the dehydrophenols investigated by PUMMERER *’. These are likewise 
obtained by careful oxidation of the corresponding phenols. While the 
radical-nature of these compounds may be regarded as established, it can 
not however be unequivocally determined whether these radicals contain 
univalent oxygen or trivalent carbon (compare Vol. II, Book III, Chap- 
ter XVII). 

According to the investigations of SCHONBERG ®, univalent sulfur occurs 
in radicals formed by the dissociation of certain disulfides in solution. Thus 
diphenyl disulfide, C,H;—S—S—H,Cg, forms colorless crystals, but yellow 
solutions which do not obey BEER’s law; the solvents used were ethylene 
bromide, naphthalene and anisole. Still stronger deviations from BEER’s 
law are observed in the red solutions of bis- (thio-«-naphthoyl-|-disulfide, 


ay AE ee ee Sere ig —cC=s 


(i) Compounds of Tetravalent Nitrogen 


Another class of compounds with an abnormal valence exhibited by one of 
the elements, besides the radicals already discussed, is that of the compounds 
of tetravalent nitrogen. These may be considered as derivatives of nitrogen 
dioxide, NO,. In contrast to the free radicals and the parent substance NO,, 


%6 H. J. CurForTH and P. W. SELWoop, J. Am. Chem. Soc., 7° (1948) 278. 

97 Pummerer and coworkers, Z. angew. Chem., 26 (1913) 549; Ber., 47 (1914) 1472, 
2957; 52 (1919) 1403, 1414, 1416; 55 (1922) 3116; 58 (1925) 1808; 59 (1926) 2161; 
61 (1928) 1102. 

% A. SCHONBERG, E. Rupp and W. GUMLICH, Ber., 66 (1933) 1932. In this paper 
the authors also discuss the contrary results of H. LECHER, ibid., 58 (1925) 417, 423, 
as well as earlier papers. 
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no tendency toward association has as yet been observed among the organic 
compounds of tetravalent nitrogen; it may very well be, however, that 
here we have only a gradual difference of degree, and not one of principle, as 
compared with the radicals already discussed, for it is quite conceivable 
that association equilibria corresponding to 2 NO,z=N,O, may yet be 
found in the case of suitable substances. 

Up to the present, the organic derivatives of tetravalent nitrogen have 
been prepared by two different methods. WIELAND ° obtained them by the 
careful oxidation of hydroxyl-amine derivatives; K.H. MEYER 10 by oxida- 
tion of the phenol ethers with nitric acid, followed by reduction of the 
resulting compounds. 

WIELAND’s method is represented by the following formulas and equa- 
tions: 


CsH;—NO + C,H;MgBr —> (C,H;),N—O—MgBr 


_OH 
(C,H;),.N—-O—MgBr +H,O0O —~> (Cs5H;),.N—OH + Mg 
Br 


(CoH;)2N—OH + Ag,O —> (C,H,),N=O + AgOH + Ag. 


In the K. H. Meyer and Gortries-BILLROTH method for the oxidation 
of the phenol ethers, the nitric acid attacks first the position para to the 
substituent, in such a way that the hydrogen atoms of two molecules are 


: O 
replaced simultaneously by the group NCE from the nitric acid, which 


thereby acts as a link to join the two nuclei together: 


CH Ose ae 2 
: PH Oo HK och, = 
N 
HS 


ys 
CH,O—< SX -0cH, ; 
— Fa) \ 
HO oO 


According to the formula the compound formed corresponds to diphenyl- 
arsinic acid; the substance is, however, found to be a base from which 
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fe H. WIELAND and M. OFFENBACHER, Ber., 47 (1914) 2113. 


K. H. Meyer and H. GOTTLIEB-BILLRortn, Ber., 52 (1919) 1476, 
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salts can be prepared. These should, however, probably not be assigned the 
constitution 


croc 
| | | C1O,, 
* O 


but rather the constitution of the oxonium salts: 


| | | C1O,. 
| 
Lf O | 


When the salts are treated with alkali or pyridine in order to prepare the 

free base, the latter decomposes in the manner that one molecule reduces 
another, and is itself thereby oxidized; two like molecules undergo mutually 
disproportionative oxidation-reduction. 
As a result, half (in theory) of the starting material is obtained at the end 
as dianisyl-nitrogen-oxide. The oxidation products could not be isolated 
as such. By means of reducing agents such as acidified sodium iodide or 
zinc dust, these also are converted to dianisylnitrogen-oxide. 

The red-orange phenyl-(9-trans-decalyl)-nitrogen-oxide is formed with 
surprising ease by oxidation of phenyl-(9-trans-decalyl)-hydroxylamine, even 
by the action of atmospheric oxygen 1. 


N—OH N=O 
LNA fee ee ae ae) 
6 19. 3 Air 
Phen yl-(9-tvans-decalyl)- Phenyl-(9-tvans-decalyl)- 
hydroxylamine nitrogen-oxide, orange-red 


Like their parent substance, nitrogen dioxide, the compounds of tetra- 
valent nitrogen are intensly colored. The absorption bands of the deep red 
solutions of diphenylnitrogen-oxide, which in the solid state forms crystals 
resembling chromic acid anhydride, CrO3, are similar to those of nitrogen 
dioxide, but the color does not disappear on cooling even down to —60° C; 
hence association does not occur. Very marked is the difference in the 


101 W, HtcKer and W. LieceEL, Ber., 71 (1938) 1442. 
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stability of variously substitued diphenylnitrogen oxides. Thus the “‘life’’ 
or stability, of several derivatives is approximately 1%: 


Di-p-tolylnitrogen-oxide ca. 3 hours 
Diphenylnitrogen-oxide ca. 24 hours 
p,p’-Dinitrodiphen ylnitrogen-oxide several months 
Di-anisylnitrogen-oxide several years. 


The solutions exhibit reactivities reminding one of those of the free 
radicals. Iodide ion is oxidized to free iodine, triphenylmethyl is added, 
although only to form rather abnormal reaction products—the ,p’-dinitro 
derivative does however react normally—, and nitric oxide enters into 
reaction 1%, In analogy with nitrogen dioxide one ought here to expect 
compounds derived from nitrous acid anhydride, N,O;; the substances 
isolated however, show other characteristics, though they can be interpreted 
as products of the rearrangement of these derivatives of N,O,. As end- 
product of the action of nitric oxide on diphenylnitrogen-oxide one finds the 
nitrosamine of p-nitro-diphenylamine alongside of diphenylamine, which 
may have been formed by autodecomposition of diphenylhydroxylamine. 
The formation of these substances then can be explained easily enough 
by the following equations 1: 


(C.Hs),N=O + NO —> C,H,—N—NO, —> C,H,—N—H 
| 


eae C,H,—NO, 
C,H -2NH Gee G48 Gar 
| ce N—NO, Stee © N-NMR 
CHa NO, @ ooh. | CoH, 
C,H,NO, 


Nitrosamine of p-Nitro-diphenylamine, 


C.H (CeH;),> NH 
N—OH —WW———___,, Diphenylamine 
C,H, PS) 
(CoH5)2>N 
POF. 


Among the few known organic derivatives of tetravalent nitrogen are 
furthermore the dark blue porphyrindine 15, 


aM The author does not define just what he means by the “stability” in this case, 
but he evidently refers to the disproportionation reaction. F.H.R. 


- No such experiments have been made as yet with the verystable dianisylnitrogen 
oxide. 


104 H. WIELAND and K, Rotu, Ber., 53 (1920) 214. 


105 O. Pitory, Ber., 36 (1903) 1302; R. Kunn, H. Katzand W. FRANKE 
Naturwissenschaften 22 (1934) 808. 
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CH, O O GH, 
Sey ae Stems 
ae / N——C—CH 
| Sp ae ee | 3 
H H 


and the brick-red porphyrexide 18, 





O 
\Gizk ll Iv 
ee ay 
GH,~ 
iS Ni 
HNSG ea 
H 


The tetravalent nitrogen is here, in order that its tetravalence be recog- 
nized, written as linked by a double bond to the oxygen atom. A true double 
bond formed by four electrons can not however be present, for this 
would involve a violation of the octet rule, a rule which is strictly obeyed 
and valid for the elements of the first row of the periodic system (See p. 33). 
Rather we must assume the presence of a semipolar bond, similar to that 
of the second oxygen in the nitro group: 


ae out 
Beh! has 

In this formula the nitrogen atom appears to be surrounded by 7 electrons, 
of which one electron, marked by a cross, is unpaired, and does not partici- 
pate in any particular bond 1°”. It is possible, however, to distribute the 
electrons in another way as well, and thus ascribe to the nitrogen a full 
octet with one single electron pair; then the oxygen however has only a 


septet 18 (For further details see Vol. II, Book III, Chapter XVII), 


R os 
Senne oe Oe 
Sam x 


Compounds of tetravalent nitrogen that cannot be considered as deriva- 
tives of nitrogen dioxide are the ammonium radicals. These have not as yet 
been obtained or prepared in a pure state, but only in solution. By electrolysis 
of tetra-ethylammonium iodide, or chloride, in liquid ammonia solution, 
SCHLUBACH and BALLAUF!® obtained a blue solution which became colorless 


106 OQ, Prtory and B. GraF SCHWERIN, Ber., 34 (1901) 1880. 

107 R, Kuun, Ber., 68 (1935) 1534- 

108 EuGEN MULLER, I. MGLLER-RopLorr and W. BuNGE, Ann., 520 (1935) 235+ 
109 H{. H. Scniupacn and F. Baiaur, Ber., 54 (1921) 2811. 


204 ABNORMAL VALENCES OF CONSTITUENT ELEMENTS Ty 


in the course of time. The blue as well as the colorless solutions give the 
samie reactions, and these both indicate the presence of free fetra-ethyl- 
ammonium: Iodine is decolorized and tetra-ethylammonium iodide is for- 
med; sulfur reacts to form a sulfide, dimethyl-y-pyrone to form a red com- 
pound corresponding to potassium-dimethylpyrone: 


((CoH5)4N} 1 


ba 
(C.H;)4N —> [(C,H;)4N], S 
O 
Ee he 
CH,—C yan 
| 
EG CH 
eC 


O-[N(CsH,)4]* 


As yet no decision can be reached as to the mutual relationships of the 
blue and the colorless forms of the radical to one another ; whether, for example 
they are isomeric or polymeric. The colorless form is obtained also by the 
action of potassium on tetra-ethylammonium chloride in liquid ammonia. 

NH, 


[(C,H,), NIC 4K Sete NS ace 
liquid 


(j) Metal Ketyls 


One class of compounds in which for a long time the presence of trivalent 
carbon was assumed is that of the metal ketyls discovered by ScHLENK 19, 
It has however been clearly recognized lately that only a part of the sub- 
stances formerly classified as metal ketyls actually exhibit radical charac- 
teristics, and that many of the substances formerly regarded as homogeneous 
are really mixtures which contain the assumed radical-like compounds only 
in greater or lesser amounts. 

The metal ketyls are formed by the action of alkali metals on suitable 
carbonyl compounds which presumably contain no reactive hydrogen atom 
replaceable by metal; they are all deeply colored. The alkali metal adds on; 
SCHLENK conceived of this addition as involving the destruction or elimi- 
nation of the double bond, with the metal atom going to the oxygen atom, 
according to the following formulas: 


' we W. SCHLENK and T, WEICKEL, Ber., 44 (1911) 1182: W. SCHLENK and A. THAL, 
ibid., 46 (1913) 2840; W. SCHLENK and coworkers, ibid., 47 (1914) 486; Ann., 464 (1928) 
22. The formation of colored. compounds from ketones and alkali metal was already 
observed by E. BecKMaANN and Tu. Pau, Ann., 266 (1891) 1, and by S.F. Acree, 


J. Am. Chem. Soc., 29 (1907) 588, but they were unable to characterize the reaction 
products more accurately. 
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Benzophenone-potassium, Phenyl-biphen yl-ketone- 
deep blue potassium, deep blue 
OK 
“a Ill 
Sed yeh | ra 
HO cH (CH3)3>C 7 C<(CHs5)s 
| ONa 
bh Pa ie Hexamethylacetone-sodium, red '™ 


Dimethyl-y-pyrone-potassium, deep red, 
obtained from an ethereal solution of 
dimethyl-y-pyrone and a solution of 
potassium in liquid ammonia. 


The metal ketyls could accordingly be regarded as intermediate steps in 
the pinacone (now usually called pinacolones) formation. They are, aS a 
matter of fact, closely related to the pinacones; for they can be prepared 
from these by treatment with sodium alcoholate in ether solution: 


(C,H;),>C—ONa 
= | 
(C,H;),>C—ONa 
Y 


III 
2(C,H;),>C—ONa 
Benzophenone-sodium according to SCHLENK. 


(C,H;),>C—OH NaOC,H, 
| x . 2C,H,OH 
(C,H;)2>C—OH NaOC,H, 


This mode of formation, furthermore, almost as well as excludes a formu- 
lation of the ketyls as molecular compounds, a formulation which is not in 
accord with other reactions as well. 

ScHLENK 12 believed that he had furnished the proof for the presence 
of monomolecular metal ketyls by his determinations of their molecular 
weights. Potassium-phenyl-biphenyl-ketone, which is formed instantly 
from the ketone and metallic potassium in ether solution, gives the same 
elevation of the boiling point as does the ketone; accordingly the number 
of molecules must have remained unchanged. More recent observations 
of AnscHiitz 13, however, completely shake the reliability of such a 


11 A. E. Faworski and I. I. Nasarow, Bull. Acad. Sci. U.R.S.S., 7 (1933) 1309; 
Chem. Zentralblatt 1935, I, 222. Further very comprehensive investigations on the 
metal ketyls of the aliphatic and the aliphatic-aromatic series: I. I. NasaArow, Ann. 
Leningrad State Bubnov Univ., Chem. Series; I (1935) 123; Chem. Zentralblatt 1937, I, 
3127. 

12 W, ScHLENK and A. Tuat, Ber., 46 (1913) 2840. 

3 [. Anscniirz, Lecture at the Conference of East German Chemistry Professors 
and Instructors at Dresden, Sept. 1936; Ann., 536 (1938) 285. 
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method for the determination of the molecular weight. Studies by other 
investigators allow us, furthermore, to see clearly that these solutions can 
not consist of a pure metal ketyl. In ether solution, according to BAcH- 
MANN 44, we have an equilibrium between the metal ketyl and the sodium 
compounds of the pinacone, far on the side of the latter. In liquid animonia, 
according to WoosTER ™°, the pinacolates are considerably associated; the 


metal ketyls there-in, on their part, again suffer an electrolytic dissociation 


into sodium (or potassium) ion and ketyl ion; conductivity-measurenients 
indicate association to ionic pairs 4%, The sodium compounds of the aliphatic 
pinacones do not dissociate to the ketyls; their formation from the ketyls, 
which takes place when the ketyls are simply stored in the absence of 
oxygen, is irreversible 17. According to their reactions, the metal ketyls, or 
the ions derived from them, can be written not only with trivalent carbon 
but also with univalent oxygen just as well 118: 


Ree Ty R I 
cpGteti Nn or yy ee 
Ry R, “Na 
Nat; R I] Nae ee ll 
or mens a) | or | Me oo Se: | 
Rae ual lake sane ay 


Far-reaching clarification of the relationships was first obtained by the 
comprehensive magnetic investigations of EUGEN MULLER. MULLER makes 
use of the fact that, as can be predicted on the basis of the theory of para- 
magnetism, substances with an unpaired electron, i.e. substances of radical 
nature or characteristics, must be paramagnetic (Vol. II, Book ITI, Chap- 
ter XVII). The metal compounds of the y-pyrones are found, however, 
without exception, to be diamagnetic; they are hence not substances of 
radical nature, and must not receive the formula given above and assigned 
to them by SCHLENK. It is very probable that they are really pinaconates 19, 
While xanthone-potassium 12° js paramagnetic, its magnetism is much 
weaker than demanded by the theory for the formula 


114 
115 


1858. 


116 


W. E. BACHMANN, J. Am. Chem. Soc., 55 (1933) 1179. 
Cu. B. Wooster, J. Am. Chem. Soc., 5© (1934) 2436; first paper, Ibid., 51 (1929) 


Cu. B. Wooster, J. Am. Chem. Soc., 59 (1937) 377. 


417 A, E. Favors and I. I. Nasarov Bull. Acad. Sci. U : 
See also ref. 111, p. 205. ; - Acad, Sct. U.R.S.S., 7 (1933) 13009; 


“8 Cu. B. Wooster and J. G. DEaNn, J. Am. Chem. Soc., 5 


; 57 (1935) 11 2eehorm 
reactions themselves, see Cu. B. Wooster and W. E. HoLian seeker . 


— i D, Ibid., 56 (19 2438. 
ape E. MULLER and F. TESCHNER, Ann., 525 (1936) 9, as well as E. bees ae 
W. Wiesemann, I[bid., 532 (1937) 116; 537 (1938) 92. 


120 See also Ann., 537 (1938) 97 etc. 
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and in all probability it is contaminated by admixtures of other substances. 
Potassium-benzil 
Ill 
eit eat eels Oat HG EE 
| 
K—O O 


has been recognized definitely as consisting of about 70 % of the radical, 


potassium phenanthraquinone as of 37 % radicals, and potassium-pheny]- 


biphenyl-ketone as of about 75 % radical content !*!. Potassium benzophe- 
none contains probably some 70 % radicals }”?. 

On the whole then, more recent work on the aromatic metal ketyls 
shows that while SCHLENK was correct in his assumption of their existence, 
he himself nevertheless had by no means homogenous substances in his 
hands. The preparation of such ketyls in pure form has indeed, even now 
not yet been achieved 1*°. It still remains to be seen what is the situation 


in the metal ketyls of the aliphatic and of the mixed aromatic-aliphatic 
series. 


(k) Radical Ions 


Abnormal valence of an element is found also in salt-like compounds in 
which then an ion exhibits radical-like characteristics. Such ions, which 
are simultaneously radicals, are derived for example from nitrogen, and 
are represented by, as Weitz 1!*4 found, the completely arylated amines 
and hydrazines. These latter may occur not only as neutral molecules, as 
which they have indeed been known for a long time, but also as positively 
charged ions. These substances, such as for example triphenylamine and 
tetraphenylhydrazine, 


CoH Ci * [or 
C,H,—N and N———_N 

/ / ae 
C,H,’ C,H;’ C,H, . 


121 —, MULLER and W. WIESEMANN, Ann., 532 (1937) 116; 537 (1938) 92; also 
E. MO.ier, Z. angew. Chem., 51 (1938) 661. 

122 S. SuGDEN, J. Chem. Soc., (1936) 440. 

128 For experiments in this direction see: 5S, SUGDEN, Trans. Faraday Soc., 30 (1934) 
18; J. Chem. Soc., (1936) 440; R. N. DorscHer and G. W. WHELAND, J. Am. Chem. 
Soc., 56 (1934) 2011. 

124 2, Weitz and H. W. ScHWECHTEN, Ber., 59 (1926) 2307; 60 (1927) 1203. 
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behave then as metals, which are known both in the elementary state as 
well as in the ionic, and specifically, as noble metals, since they are not 
able to liberate hydrogen from acids, and form salts only in the simultaneous 
presence of oxidizing agents. In the neutral substances the nitrogen exhibits 
its normal valence of three, and passes over to a formal valence of four 
when converted to the ionic state. If we write the formulas of the corres- 
ponding salts side by side with those of the ammonium salts, 





Kees | CH, < 
| C,H,—N | ClO, and | CH,—NH | C10,, 
LOH destel | GHst end 


we see that in the former the nitrogen is formally tetravalent, while in the 
latter it is formally pentavalent. Since however the ammonium salts, as 
already explained in our discussion of the onium compounds, must be 
considered as derivatives of the (5—2) = trivalent nitrogen, the salts 
derived from triphenyl-amine must be considered as derivatives of (4—2) = 
divalent nitrogen, i.e. as ternary salts of the diarylnitrogen radicals dis- 
cussed above: 


C,H Ger 
6 pes | 6 PR 
CH“ = | CH;—N | Br, 
/ 
0, HiBre WoGoan 
ial ; ir CH Chie, 
nN ud 
* => —> 
to be compared with CMs BN <— | ine Be 
CH,’ (SCH; CH, 
+ CH. Br oe 


For the time being, however, this formulation is only formal, since no 
mode of formation by this scheme is known. 

The formation of the salts takes place rather by the action of oxidizing 
agents on the metal-like tri-aryl amines. Through the investigations of 
WIELAND !25 it was already known for a long time that triphenyl amine and 
other tri-aryl amines yield blue tribromides with bromine, to which, however, 
WIELAND did not ascribe the formulas of salts, 


(CH, | C,H, 

| | 

| CH;—N | Br, or | CoHs—N | [Br ——~ Bry]. 
/ ff 

GE? | Lees 


It is not strange that a tribromide rather than the normal bromide is 
2° H. WIELAND, Ber., 40 (1907) 4268; 43 (1910) 699. 
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formed, for the formation of perbromides with cations of large volume is 
nothing unusual. (Compare the increase in stability of the perhalides in the 
series (Li)—(Na)—K—Rb—Cs.) A definite proof for the formulation as 
“amminium salts’’ was however first supplied by the preparation of salts 
with only a single acid radical. The picrate is formed from tri-p-tolyl amine 
and picric acid in the presence of lead dioxide as oxidizing agent, the per- 
chlorate is formed from the amine and chlorine tetroxide (ClO,),; both 
salts are deep-blue, like the tribromide. In the case of triphenylamine itself 
these same reactions can not be carried out since the hydrogen atoms in the 
p-positions are too easily oxidized. The radical nature of tri-p-tolylammi- 


nium perchlorate, (CHK >WNICIOg is definitely proved by its para- 


magnetism 16, 
The tri-aryl amines are not able to form ammonium salts by simple 
addition of acids; only with perchloric acid is an isolatable salt-like addition 


product, 
| Cols 


| C,H,—NH | ClO, 





|_C,Hs | 


obtained, but this is completely hydrolyzed by water 1%”. 

Entirely analogous to the behavior of the arylated amines is that of the 
completely arylated hydrazines. In.these only one nitrogen atom is involved 
in the salt-formation. Thus tetra-f-tolylhydrazine reacts with chlorine 
tetroxide to give a black-violet perchlorate: 


(C,H,-. = CH;—C,H,-) 
(C,H,),N—N(C,H,)2 + ClO, = [(C,;H,)2N—N(C;Hy)2]C10,g. 


With hydrochloric acid too, a deep-violet salt, the corresponding chloride, 
is formed 128; the hydrogen of the acid is however not liberated, but 1s 
used to bring about the reduction of another molecule of tetra-p-tolyl- 
hydrazine, which here takes over the rdle of the oxidizing agent. For from 
three moles of aryl-hydrazine one obtains two moles of hydrazinium salt 
and two moles of di-aryl-amine salt. 

In the periodic system of the elements nitrogen is to the right of carbon, 
and in the form of the completely arylated derivatives of ammonia yields 
compounds which unite with halogen to form salts, thus exhibiting a 


126 FH. Katz, Z. Physik, 87 (1933) 242. P. RuMPF and F. TromBE, Compt. Rend., 

205 (1938) 671; also J. Chim. physique, 35 (1938) 110. 
127K, A. HorMann, A. MeETzLeER, and K. HOBoLD, Ber., 
128 Compare H. WIELAND, Ber., 40 (1907) 4263. 


43 (1910) 1080, 
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tendency to split off an electron to form a cation. This cation exhibits a 


radical like nature. 

The element to the left of carbon in the periodic system, boron, in its 
tri-aryl compounds likewise exhibits a remarkable behavior 1°. These can 
in particular add alkali-metal, to form salt-like compounds in which the 


tri-aryl-boron forms the anionic component; 
C,H; we 


| 
C,.H,-B+Na = C,H;—B | Na 





L C,H; _C,H; 
KRAuSE has prepared such compounds with all the alkali metals; they 
are orange-yellow, only the lithium compound is greenish-yellow. 

The radical nature of the anions of the boron tri-aryls, |(C;H,),B* |’, con- 
taining one unpaired electron, can be recognized by a number of reactions 
in which addition of a hydrogen atom, or of an organic residue as a radical, 
leads to formations of an anion in which the boron exhibits a coordination 
number of four, and acquires an octet of electrons, as for example in the 


reaction between triphenyl-borosodium and methanol !°: 
2[(C,H;);B]Na + CH,;O0H = [(C,H;),BH]Na + [(C,H,;),BOCH,]Na 


Tribenzyl-boron, (CgH;—CH3),>B, also adds alkali metal 1*!; triphenyl- 
boron and tri-x-naphthyl-boron also add on (absorb) sodium, though only 
very slowly '**. On the other hand the boron tri-alkyls, such as tri-tert-butyl- 
boron, [(CH),C],B, and tripropyl-boron, (C,;H,),B, do not add alkali 


metal 183, 


(1) Merigquinones 


Weitz #4 has shown that ions of radical-like nature are also present in 
the deeply colored meriquinone salts. The latter are formed by oxidation of 


129 E. Krause, Ber., 57 (1924) 216; E. KrausE and H. Portack, tbid., 59 (1926) 
e777 OF (raze) 27t* 

© Geo. WittiG and Coworkers, Ann., 563 (1949) 110. For the complexes with tri- 
phenyl-boron, which all belong to the latter type, and do not exhibit radical charac- 
teristics, see Geo. WittiG and A. RuCKERT, Ann. 566 (1950) ror. 

'" E. Krause and P. Nosse, Ber., 63 (1930) 934. 

2-H. E. Bent and M. DorrMan, J. Am. Chem. Soc., 57 (1935) 1259. 

183 E. Krause and P. Nosse, Ber., 64 (1931) 2514. : 

mevE, Weitz, Bey,,.57 (1924) 156; 50 (1926) 432. L MicuwaeEtis calls this class of 
compounds semiquinones; compare Chem. Reviews, 16 (1935) 243 for a thorough 
summarizing review. The term half-quinones has also been used. E. MULLER in his 
book, Neuere Anschauungen in der organischen Chemie, (‘‘More Recent Viewpoints in 
Organic Chemistry’’) Berlin 1941, Springer, states, on p. 368, that this expression is 
due to Weitz, but Weirz has never used this term. See E. Weitz and F, SCHMIDT 
Ber., 75 (1942) 1921. , 
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suitable aromatic para-diamines by means of halogens, or by mixing to- 
gether equimolecular amounts of diamine and the weakly colored di-iminium 
salts previously obtained by still further oxidation. Due to this second 
mode of formation they have, following WiLLsTATTER and Piccarp 135, 
long been considered as molecular compounds of these components 1%, 
They were therefore placed alongside of the quinhydrones 137 and called 
meriquinoid (or partially quinoid) compounds. Unlike the quinhydrones, 
however, they do not dissociate, when in solution, into the components 
from which they may be prepared }8, 

The earliest known of these compounds is WuRsSTER’s Red #9, obtained 
by the method mentioned above by oxidation of p-amino-dimethylaniline 
with one atom equivalent of bromine. In the crystalline state it is green; 
in solution, a fuchsine-red. 

Oxidation with two atom equivalents of bromine leads to the weakly 
yellow di-immonium salt: 


H,NZ YN(CH,),—> 


a Fe HNC =NICH) | 
we 


oO 
cyte lad mae | 
[ H.N=K >AN(CH): (Br | 


WurstTErR’s Red, green solid, fuchsine red in solution, 


- oa ey 
Br) H,N= S=N(CH)e br! Br, 


Di-immonium salt, weakly yellow. 


Similarly, tetramethyl-p-phenylene diamine yields a blue compound, 
Wurster’s Blue. The unpaired electron that causes the radical nature of 


185 R, WILLSTATTER and J. Piccarp, Ber., 41 (1908) 1458. 

136 Compare P. PFEIFFER, Organische Molekiil-verbindungen (“Organic Molecular 
Compounds’’) 2nd ed., 1927, p. 299, where this viewpoint appears, though ‘‘with a 
little question mark affixed’. 

137 F. KEHRMANN was the first to venture a relationship to the quinhydrones ; 
compare Ber., 38 (1905) 3777. 

138 For this reason WILLSTATTER and PiccarD (loc. cit. p. 1465) considered them 
as a special class of quinhydrones in which both components are united into a homo- 
geneously single molecule, and the “partially quinoidal state”’ is distributed over the 
whole molecule by a sort of oscillatory process. A. HantzscH already expressed 
doubt as to their ‘quinone-like structures, chiefly on the basis of their absorption 
spectra, and considered the question whether monomolecular compounds with un- 
saturated N-or S-atoms are present as “‘at Ieast open to discussion’’. Compare Ber., 
49 (1916) 519. 

139 C. WurRsTER and Coworkers, Ber., 12 (1879) 1803, 1807, 2071. 
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the substance is indicated by a small cross, the lone electron pairs on the 
nitrogen are indicated by means of dots. 


| (CHy)s NC =(CHs Bri 


WURSTER’S Blue 


The unpaired electron shown in a particular position in the formulas 
has in reality no fixed position there 1°; it changes over from one side of 
the quinoid ring to the other, so that the two formulas given for WURSTER’S 
Red represent only the two extreme positions of the electron, but do not 
correspond to two isomers with different states of bonding. The bonding 
state of the meriquinones cannot be represented by a structural formula 
in the usual sense of that term. For a discussion of the limits set to structural 
chemistry in this respect, see Vol. II, Chapter XVII. 

The following structural peculiarity is characteristic of the meriquinones, 
and is indicated by both of the two formulas above 14% 141. The ions of 
radical character contain two groups capable of forming onium salts,—two 
dimethylamino groups in the case of WURSTER’s Blue; one amino and one 
dimethylamino group in WuRSTER’s Red,—located at the ends of a con- 
jugated, here a quinoidal, system. From these two groups together a total 
of one electron is given up to the anion for salt-formation, so that the cation 
contains an odd number of electons, i.e., it possesses radical character. 
If on further oxidation another electron is given up by the cation for the 
formation of the anion, the normal bis-onium salt of the di-acid base 
corresponding to the meriquinone is formed. Other groups capable of 
onium-salt-formation also may replace the salt-forming amino groups 
participating in WURSTER’s compounds. 

As a result the meriquinones appear in the system of the organic com- 
pounds as a large group of compounds with radical-like ions. For a general 
review, the following possibilities may be indicated:— 
Dihydrophenazine derivative 


(| ‘ \ 
| 
N J . 
iS Gan es — 1electron WNA PIRI SC 
——__—_> ] heh Oe on cee 
Ni pinion oxidation UNAFF ANARASF 
| 
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140 E, WEITz and K. FIscuer, Ber., 59 (1926) 436. 
mM) E. Weitz, Z. Elektrochem., 34 (1928) 541 etc. 
™2 For the experimental work K. FRIE IGE 
ee P see K. Fries and E, ENGELBERTz, Ann., 407 (1915) 
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Thianthrene 142, 
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Dipyridinium monosalts are discussed below on page 215. 

Let it be emphasized here once more that the assignment to, and placing 
of the unpaired, single, radical-character-producing, electron, indicated by 
a cross, on a particular atom, is quite arbitrary. This will be discussed in 
more detail in Vol. II, Chapter XVII ™. 

Another meriquinoid salt of the phenazonium type is the dyestuff salt 
of chlororaphine, the green product of the metabolism of the Bacillus 
Chlororaphis. Unlike the other cases, the free base is here known as a true 
quinhydrone, the components of which are phenazine-carboxylic acid amide 
and dihydrophenazine-carboxylic acid amide ce 


H 
res OO 2 
LW kat aS geht aa 
- | 
H 


Chlororaphin, quinhydrone form. 
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Meriquinoid dyestuff salt. 
143 Cf, A. v, BAYER and J. Piccarp, Amn., 384 (1911) 209; 407 (1915) 335, 346. 
144 In the final analysis, the problem is the same as that which arises in the formula- 
tion of radicals with univalent oxygen as soon as one asks whether to formulate these 
with univalent oxygen or with tirvalent carbon. Compare also This Volume, p. 199. 
45 F, Kéct and B. ToOnnIs, Amn., 497 (1943) 268; Cf. also F. Koc and F. 
Postowsky, Amn., 480 (1930) 280. 
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Another bacterial dyestuff belonging to the phenazine class is pyocya- 
nine 46, When this is reduced in acid solution it yields a deeply colored 
radical-like intermediate stage substance, before going over to the leuco- 
compound by loss of two oxidation equivalents. From this latter it is 
likewise possible to obtain the radical-like intermediate stage by oxidation 
with chlorine tetroxide (Cf. p. 209). 


O | Fi OH 
1. So | r 
| N | | : 
fraed sere Sees fee cere (i gel Ae ; 
| Malu Le) Reduction in | i ClO’, 
| Be? ee | Acid Solution Sie hal 
Prag 62 FE a | x\CH, 
Blue, salts are red, Green, radical-like intermediate 
Pyocyanine stage, Pyocyaninium perchlorate 
rH 
(C10,)x i OH 
SS I I 
Reduction by alae fi 
CH. 


Leuco-pyocyanine, colorless. 


Furthermore, meriquinones occur as intermediate products in the oxida- 
tion and reduction of compounds of the indophenol and the indamine 
groups. Their stability depends very strongly on the hydrogen ion con- 
centration. The completely reduced stage (R) is stable in acid solution. 
Jabile in alkaline solution; the reverse holds true for the completely oxidized 
stage (T), the true dyestuff of the indamine group. By addition and splitting 
off of protons, the oxidation stages R, M(meriquinone), and T may appear 
either as neutral forms or as ions. As an example, let us consider the stages 
of oxidation of the cation of p, p'-dimethylamino-diphenyl-amine formed 
by addition of a proton to this amine. The oxidized stage T is the dyestuff 
known as BINDSCHEDLERS Green: 


e Bae vhs WREDE and E. STRACH in Z. physiol. Chem., 177 (1928) 177; 181 (1929) 158, 
rst ascribed to pyocyanine a dimolecular formula; Ber., 62 (1929) 2051. From the 
course of the titration curves, L. MICHAELIS and E,. FRIEDHEIM (J. Biol. Chem 91 
(1931) 355; 92 (1931) 211) as well as B. ELtema (ftec. Tvav. Chim., 50 (1931) 807) 
concluded that the substance was monomolecular and was oxidized to a radical-like 
ee Stage. This view was confirmed by measurements on the diffusion, and 
sete ens a“ the intermediate Stage as the perchlorate salt (R. KUHN and K. Scuon, 
ete : 935) 1537). The position of the methyl groups was proved by H. HILLMANN, 
sit hie tb ) 46. HILLMANN also discusses a phenol-betaine formula. Mesomerism 
oe involved. Compare also B, EIstEerT, on p. 142 of Tautomerie und Mesomerie 
Tautomerism and Mesomerism’’), Stuttgart, 1938. 
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(2) and (3) are meriquinones; (4) and (5) are BINDSCHEDLER’S Green; 
the transition from (1) to (2) involves the loss of one electron and one 
proton, or in effect, of one hydrogen atom. The difference between (2) 
and (4) is a loss of one electron, between (3) and (5) the loss of one 


7 “a ial Rs Fike 
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(2) 


—1 electron 
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Bindschedler’s Green 
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(5) 1 =| (CH), > NK —N=C_ = NCH 
proton. The pairs (2)-(3) and (4)-(5) are each mesomeric pairs. In (2)-(3) 
the mesomerism involves a shift of the hydrogen from the central to the 
outside nitrogen atom; in the pairs (4)-(5) merely a shift of electrons from 
the nitrogen toward the ring converts the nucleus from benzenoid to 
quinoid. 

The correctness of this conception of the meriquinones as radicals was 
actually proved for the first time by WEITz, who had already from the very 
beginning, on the basis of theoretical considerations, defended this view 
against the opinions of other investigators by means of molecular weight 
determinations on solutions of the deeply colored salts 47 formed when one 
mole of N,N’-dialkyl-dihydro-dipyridyl 14° and one mole of N,N’-dialkyl- 
dipyridinium dihalide are mixed together 19: 


RNC >=C_ NR + Rae SB GL 
— is ees ia Sy Se Cl 
sy Ss iad 


47 FE, Weitz, TH. Konic and L. von WISTINGHAUSEN, Ber., 57 (1924) 165; also 
E. Weitz and K. Fiscuer, [bid., 59 (1926) 432, 442. 

48 For the formulation of the dihydrodipyridyls compare Vol II, Chapter XVII, 
6, B. 
49 E. Weitz and Tu. Konia, Ber., 55 (1922) 873. Further references are given in 
these papers; B. EMMERT and O. VARENKAMP, Ber., 55 (1922) 322; 50 (1923) 492 
(Reduction of the dihalide by Na-amalgam or by N,N’-dialkyltetrahydro-dipyridy]). 
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Due to their dissociation into two ions in methyl alcohol solution, these 
dipyridinium sub-(or mono-) halides, exhibit only half the molecular weight 
calculated from the simple formula shown above °°. There can therefore 
be no dissociation of a quinhydrone of double the molecular weight, for 
on dilution the solution obeys BEER’s law 15! (Compare pp. 177, 196), 
furthermore, on heating there is no decrease in the intensity of the color. 
Later on it was possible to prove the radical nature of more simply built 
meriquinones by still other, mutually independent methods. 

An indirect proof for the monomolecular, i.e., radical form, can be seen 
in the fact that no mixed meriquinoid salts are known 152, whereas such 
would have to exist if these salts consisted of two components. 

Paramagnetism 13 has been established for a few of the compounds of 
this type. As in the case of the metal ketyls this proves the presence of an 
unpaired electron. Furthermore, in the case of a large number of meri- 
quinones, the course of the oxidation has been followed potentiometrically 
at various pH values; from the course of the titration curve it follows 
unequivocally that monomolecular, deeply colored, meriquinones occur as 
an intermediate stage 14, 

The potentiometric proof rests on the fact that the meriquinoid salts 
are an independent stage of oxidation with a well-defined oxidation poten- 
tial, distinctly different from the potentials of the diamines and the di-onium 
salts, and in complete accordance with the chemical behavior °°. 

Besides the already discussed meriquinoid salts with radical-like cation 
there are also salts with meriquinoid anion radicals. These latter are derived 
from compounds which, due to the presence of two unsaturated groups 


60 E. Weitz and K. Fiscuer, loc cit. For the molecular weights of meriquinoid salts 
see H. W. ScCHWECHTEN, Dissertation, Univ. of Halle, 1927, p. 35 etc. 

#1 E, WeITz and K. FIscuer, Ber., 59 (1926) 434, 443. 

162 J. PiccarD, Ann., 381 (911) 362. 

3H. Katz, Z. Physik, 87 (1933) 238; 


(CH,),N—_S=N(CHL), | Ces 


and furthermore, derivatives of dihydrophenazine oxidized with one only oxidation 
equivalent. : 
4 
2 iw L. MicuaeEtis, J. Am. Chem. Soc., 53 (1931) 2953 for WuRsSTER’s Red and Blue; 
. MICHAELIS and E. S. Hiri, J. Am. Chem. Soc., 51 (1933) 1481 for alkylated and 
phenylated para-diamines, phenazine and its derivatives (without NH, group), y,y’- 
dipyridyls and ammonium bases derived therefrom. Cf. L. MICHAELIS, E, §S, Hitt 
eh ** Seeaae eee es 255 (1932) 66 for «-hydroxy-phenazine: L, MIcHar- 
; /ARZENBACH, J]. Am. Chem. § sO iqui 1 
ry ete ten acaba, 0c., 60 (1938) 1667 for meriquinones of the 
#8 E. Weitz, Tu. KorEnic and L. von W 
; , . ; NISTINGHAUSF? 2 : 
E. Weitz and K. FiscueEr, tbid., 59 (1926) 435. are A Rea aa 
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found at the ends of a conjugated system, are able to take up two electrons, 
as for example f-benzoquinone and #-dinitrobenzene. In the case of benzo- 
quinone the addition of two electrons for complete reduction leads to the 
anion of hydroquinone. It is conceivable * that under suitable conditions 157 
a partial reduction with absorption of only a single electron may be effected; 
this type of reaction then leads to a meriquinoid anion with an unpaired 
number of electrons *® as in the case of #-benzoquinone, 


x 
O=K =6 + 2 O= e ~0: or O=€ S-0:. 


In this latter substance, it is just as impossible to assign a fixed position 
to the negative charge as it was to assign one for the positive charge in 
the case of the radical-like meriquinoid cations. The formation of such 
salts with meriquinoid anions was predicted by WEITZ, and was then observed 
and proved by MicHaELis °°, as for example in the reduction of phenan- 
thraquinone-3-sulfonic acid. 

In some cases, in a sufficiently concentrated solution, the radicals can 
unite together to form a dimer, as could likewise be deduced from the course 
of the titration curve 1®°. 

By means of the titration-method !*!, and in part also by means of 
magnetic investigations 162, it has been possible to prove the radical nature 
of a number of the types of compounds mentioned in the list in the preview 


156 FE, Weitz, Z. Elektrochem., 34 (1928) 543. 

187 Especially in the prevention of hydrolyses. 

188 Strictly formally the alkali salts of these anions could be considered as the 
alkali salts of the quinhydrones 


o=K _>=0 —- Nao—€_—ONa '. 


159 T. MIcHAELIs, G. F. BorKER and R. K. REBER, J. Am. Chem. Soc., 60 (1938) 202, 
discuss the change in magnetism observed during the titration of phenanthrene- 
quinone-3-sulfonate with glucose in alkaline solution (see also p. 214 1n this same paper 
for the reduction as effected by methylglyoxal -++ KCN in acid solution). MIcHAELIS 
and Coworkers (ibid., p. 1678) find that duroquinone, as observed magnetically and 
titrimetrically, yields no quinhydrone, but only the meriquinone. MICHAELIS and 
E. S. FETCHER, JR., ibid., 59 (1937) 1246, observed the colored radical intermediate 
steps in the oxidation of benzoin to benzil. 

160 [. MICHAELIS and E. S. FETCHER, JR., J. Am. Chem. Soc., 56 (1937) 2460 

(Phenanthraquinone-3-sulfonate). Also, L. MICHAELIS, M. P. ScuuBert and S, GRa- 
NIcK, ibid., 61 (1939) 1981. In this connection compare also J. Prccarp, Ber., 59 
1926) I :and Ann., 318 (1911) 351. 
101 eas L. pa ae Rev., 16 (1935) 243, or more simply in Chem. Rev. 
22 (1938) 437. See further B. ELrEma, J. Biol. Chem., 100, (1933) 149; Rec. Trav. 
Chim., 52 (1933) 569; 54 (1935) 76. 

162 EuGEN MU.ieER, Z. Elektrochem., 45 (1939) 380. 
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above, as well as of still other compounds that occur as intermediate steps 
in the careful reduction of easily oxidizable dyestuffs, or in the careful 
oxidation of their leuco-bases. Probably there are still further intermediate 
stages of this kind in the reduction of dyestuffs, and recognizable by their 
color, but for which such a proof has not yet been brought 18°. 

As was mentioned already, the meriquinoid salts were long classed 
together with the quinhydrones. The difference between the two classes 
of compounds can be explained very readily, and beautifully, in the case 
of phenazine. When phenazine and dihydrophenazine are dissolved in 
equivalent amounts in methanol, a green solution is obtained ; on evaporation 
of the methanol, they separate out together as a blue quinhydrone readily 
dissociable into its components 164, When this quinhydrone is treated with 
acids a homogeneous single salt with a cation radical is obtained. On 
dilution of the solution there is no decrease in color intensity 1®©. 
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Meriquinoid radical ion salt. 


It is not possible to formulate the quinhydrone and the meriquinone 
radical ion in analogous fashion because in the case of the monomolecular 
quinhydrone it would be a hydrogen atom that occupies no place in parti- 
cular, while in the case of the radical ion it is an electron that is labile. 
As will be shown later on (p. 356 etc.), the hydrogen atom does however 
always have a fixed position on some particular and specific carbon atom, 
while it is not necessary that an electron be assigned to any particular atom. 


(m) Diradicals and Biradicaloids 


Since there are compounds containing a trivalent carbon atom one may 


expect that there also exist substances with two or more such trivalent 
°8 For example the red half-vat of indi Woo! 
helen ndigo, W. K6nic, J. prakt. Chem. (2), *fEe 
104 H. W. ScHWECHTEN, Dissertation, Halle 1927, Pp. 42. Compare also A. Claus 
ane 168 (1873) 9 as well as L. SCHOLL, Monatsh., 39 (1918) 238. 
Discovered by O. HinsBerG and GARFUNKEL, Ann., 292 (1896) 260. 
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carbon atoms in the molecule. The definition of the corresponding concep- 
tion of the divadical, to take the simplest case of a radical function on two 
positions of the molecule, seems therefore to be quite simple and self-evident: 
the diradicals are compounds which contain two trivalent carbon atoms, or 
more generally, two atoms exhibiting an abnormal valence, 1.e., atoms with 
an unpaired electron. This form of establishing the conception, however, 
strikes upon difficulties, because both of the two unpaired electrons may 
possibly be in some sort of mutual interaction by way of the valence electron 
system of the molecule as a whole, and are then in reality no longer unpaired. 
As was indeed already implied for the formulation of the simple radicals 
(See pp. 191-192), the independence of an unpaired electron isin actuality not 
present in them in the form in which it appears in the formula. The more 
recent theoretical knowledge and understanding on the participation of the 
valence electrons in such bonding systems as they occur in the substances 
which can be formulated as diradicals have made it seem useful to dilimit 
more closely the concept of a diradical, and only to speak of a true diradical 
when the unpaired electrons on the radical centers can not enter into interac- 
tion with one another by way of the bonding system of the other electrons 
in the molecule. In all other cases, in which the molecules can, it is true, be 
formulated as diradicals, and also react in accordance with a diradical 
formula, it is nevertheless more correct and logical to speak of biradicaloids. 
The rational basis for this, in so far as this is possible by means of classical 
structure theory and the electron theory of valence, will be given below. 

While it is true that a complete understanding of the usefulness and 
advisability of restricting the concept of a diradical is possible only when 
one has a complete knowledge of the physical theory of the bonding state 
in the corresponding compounds in question,—which theory will be explain- 
ed in Chapter XVII,—it is nevertheless possible by means of the classical 
theory of valence, and the doctrine of molecular structure only slightly 
amplified by means of the electron theory of valence, to realize that it is 
not so simple as this may appear at first sight to establish that a diradical 
is really present. To come to this realization it is only necessary to consider 
that the valence electrons may also be arranged in some other order than 
that corresponding to the diradical formulation, and that furthermore they 
will always take on this other order if this latter corresponds to a lower 
energy state than does the diradical state, which is almost always the case. 

Such an “evasion” of the diradical state is possible when the two radical 
centers within the same molecule can somehow approach to within one 
another closely enough so that the two unpaired electrons can form a 
simple or ordinary type of compound by a ring-closure reaction. This 
compound will then exhibit no dissociation phenomena; thus for example 
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the substance 9,9,10,10-tetraphenyldihydrophenanthrene does not yield a 
diradical 16° for it exists in the state I but not II, even though in this 


Ken Dror oe. 
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I II 


hydrocarbon of WitTIG both of the two ethane carbon atoms are completely 
substituted (loaded) by aromatic radicals, just as in the case of hexapheny!l- 
ethane. Unlike the latter, however, the two radicals in this case are already 
linked together, and therefore form a single homogeneous, or unitary, 
aromatic system. The manner in which this constitutive difference sup- 
presses the tendency toward dissociation of the simple bond between the 
carbon atoms g and Io can of course only be understood in terms of the 
modern physical theory on the state of bonding in radicals and aromatic 
systems. 

The same theoretical aids must be drawn upon in order to understand the 
various possibilities open to a molecule to evade the diradical state. It is 
furthermore necessary to know how the electron-distributions corresponding 
to the various formulas exert their effects on the energy of the bonding 
system in the molecule. From the point of view of structural chemistry it is 
possible only to understand the extent towhich such possibilities of “evasion” 
can exist. It is by no means a simple task to differentiate experimentally 
between the various conceivable structure-chemically possible electron- 
distributions. The reactive behavior gives us no definite answer; a substance 
may very well react as a diradical without at all being one, that is, without 
at any time actually having an unpaired electron at each of two radical 
centers 1°’. The presence of unpaired electrons can be recognized without a 
chemical attack on the bonding system, simply by means of measurements 
on the paramagnetism (See p. 177), but here too caution must be maintained 
in drawing conclusions, as can, however, be explained and shown in detail 
only in Chapter XVII in connection with a discussion of the magnetic pro- 
perties of the radicals and the diradicals. By no means is one justified in 
immediately drawing conclusions simply on the basis of the color alone 
(and rate of color change on dilution), as was done formerly for deciding 


166 G, WittTic and H. PETRI, Ann., 505 (1933) 17. 

ie Wat unpaired electron in a radical is situated not on the trivalent carbon atom 
but forms, in interaction along with the electrons of the aromatic nucleus, an electron 
system containing an odd number of electrons (See pp. 192-193). In terms of the usual 
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on the radical-character of a substance. Only in special cases can comparisons 
of absorption spectra be helpful in drawing conclusions, but never the colors 
by themselves 18. 

The difficulties which one encounters in this problem may be illustrated 
and discussed on the basis of the two compounds which were for a long time 
considered to be the first true diradicals. These substances have been named, 
in honor of their discoverers, as Schlenk’s hydrocarbon and Tschitschibabin's 
hydrocarbon. They are the para- and the meta-analogues of the above mention- 
ed 0,0'-bi-phenylene-bis-(diphenylmethyl), which is incapable of existence, 
and in place of which 9,9,10,10-tetraphenyldihydrophenanthrene is obtained. 

The hydrocarbon discovered by TSCHITSCHIBABIN 169 is a p,p’-derivative 
of diphenyl]; it is obtained by the action of copper-bronze on the correspond- 
ing chloride in benzene solution ;— 
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In solution, and in the crystalline state as well, it is intensely colored, 
as crystals with a greenish metallic luster, in solution of a red-violet color, 
similar to the color of a permanganate. In air the substance undergoes 
auto-oxidation just as does a radical. The substance is however markedly 
diamagnetic, and can therefore not be a radical. 

In this case it is possible to assume that the unpaired electrons of the 
radical, because of their relationship to the total electron bonding system, 
do pair up to form a quinoid structure, a formulation already discussed 


by TSCHITSCHIBABIN 17°. 


IIL | Til 
(CHEK YK C< Cate 
vt 
(Celi >C=K_ == C< Ca 


Formerly experience alone, and today theory as well, show that the 


168 See for example: W. THEILACKER and W. OZEGOWSKI, Ber., 73 (1940) 33, a 
169 A. E, TSCHITSCHIBABIN, Ber., 40 (1907) 1808. Compare W. SCHLENK and W. 


Brauns, ibid., 48 (1915) 725- 
170 A. E. TSCHITSCHIBABIN, footnote 169, p. I81I. 
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quinoid state is energetically preferred as compared with the diradical state. 

Somewhat different relationships exist in the case of the hydrocarbon 
discovered by SCHLENK and Brauns 171, This is the corresponding m,m’- 
derivative of diphenyl, and can be formulated as m,m’-biphenylene-bis- 
(diphenylmethy]) : ~ 


Oe 


| 
(CoH) 2>Cul TIIC<(C,H;) >. 
x 


Its mode of preparation corresponds to that for TSCHITSCHIPABIN’s hydro- 
carbon. Unlike this substance 172 however, SCHLENK’S hydrocarbon is almost 
colorless, only slightly yellow in the crystalline state, though it is of course 
orange-red in solution, and sensitive to atmospheric oxygen as is a radical. 
Unlike a radical, however, it is not paramagnetic, but its diamagnetism 
is less, and much more markedly so in solution than as a crystal—-, than 
one should expect from its constitution. (The diamagnetism of compounds 
without radical character can be calculated approximately, according to 
Pascal, on an additive basis from the diamagnetic increments of the indivi- 
dual atoms (See Chapter XVII). 

This phenomenon could be explained by the assumption of a not incon- 
siderable association to a cyclic dimeric form which would have to be 


diamagnetic: 
TPA ys 
ae 


Seated C<(C,Hs). 
(C,H C<(C,H,)o. 


Determinations of the molecular weight in solution also indicate such 
an association. Nevertheless this interpretation is, as we know today, 
incorrect. The dimeric form here formulated is, as its construction from 
atomic models shows, not, it is true, sterically impossible 173, but does show 
such a strong mutual interference of the phenyl groups that its existence is 
at least only slightly probable. Furthermore, another type of association 
is also still possible, and this does not lead to any mutual steric inter- 
ference or clashing of the phenyl groups. For by a chain-linking up of the 

71 W. SCHLENK and W. Brauns, Ber., 48 (1915) 725. 


2 This difference already attracted the 


attention of SCHLENK, ref. 171 7 
$ 2 ‘ : - ~ r . / , De 19, 
178 W. THEILACKER and W. OzEGowsKI, oe 


Ber., 73 (1940) 39. 
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dimers, a whole series of polymers may be formed. Formulated as radicals, 
these have the following appearance: 


pee Rei sit ah err KD 
: cae tig’ | 
(CoHs)2>CUt lactate (CeH5)2 CUL<(CgHs).. 
(CoH5)2 

Since these substances still have two radical ends, the process of poly- 
merization can, in principle, continue indefinitely. The Tschitschibabin 
hydrocarbon does not possess any such corresponding capacity for associa- 
tion derivable from a biradicaloid structure. 

A similar difference in this direction may also be foreseen on structural 
chemical grounds. A quinoid structure like that for TSCHITSCHIBABIN’s 
hydrocarbon is not possible in the case of SCHLENK’s hydrocarbon, for this 
latter could be constructed only as a meta-quinone, and, as is well known, 
meta-quinones do not exist. 

This is true for the following reason. 

While in the case of the o- and the f-quinones the electrons remaining 
in the ring nucleus are able to combine in such a way that they twice form 
pairs in the two double bonds on neighboring carbon atoms, this is possible 
only once in the case of a m-quinone ; the other time the formation of a pair 
would have to take place between non-neighboring atoms of the ring, 
corresponding to a formula with a three-membered ring inside of the six- 
membered ring: 


H 
An 
Oo=/ “=O 
wy | 
H 


Since we may expect that pair-formation between two non-adjacent 
atoms, i.e. the three-membered ring in the above formula, will be broken 
up more easily than pair-formation between electrons on adjacent atoms, 
we may likewise expect that the SCHLENK hydrocarbon will more easily 
pass over by electron rearrangement into a diradical than will the TscuitT- 
SCHIBABIN hydrocarbon. Because of its radical-ends, such a diradical would 
have to exhibit a remarkable capacity for association with others of its 
own kind. 

This elementary derivation is also in accord with the magnetic measure- 
ments, if these are interpreted from the viewpoint of a chainlike type of 
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association ; the theoretically too low diamagnetism corresponds to a small 
amount of the paramagnetic diradical (for further details see Chapter XVII). 
An interaction between the two radical centers which can be formulated 
there-in is possible, however, also in the case of SCHLENK’s hydrocarbon, 
even though this interaction is weaker than in the case of TSCHITSCHIBABIN’s 
hydrocarbon. 

For this reason it seems useful to define the concept of a diradical more 
rigidly than would seem to be feasible from the strictly structural-chemical 
point of view. According to the latter a compound may be looked upon as 
a true diradical only when its molecule contains two mutually independent 
electron systems, each with an odd number of electrons, so tbat each is 
necessarily in a state producing paramagnetism. 

The compounds hitherto discussed do not satisfy this condition, even 
though they do behave chemically as diradicals. In order to emphasize their 
relationship to the diradicals, as which they could also be formulated, it 
has been suggested that they be grouped together under the classification 
of the biradicaloids 174, 

The delimiting of the concept of a biradicaloid with respect to the concept 
of a diradical is of value only if there actually are such things as true diradi- 
cals with mutually independent radical centers. In such, their mutual inter- 
actions through the whole system of the molecule-structure must be somehow 
impossible because of constitutive peculiarities. One might for example think 
of such an interference or stop-gap to interaction as being produced by the 
interposition of methylene groups between the aromatic systems; these 
would then act in the same way as they do between systems of conjugated 
double bonds (Chapter VIII). In this case, however, this method is ineffec- 
tive, since diradicals constructed in this way may undergo disproportionation 
to form quinoid compounds of the type of the quinone-methides, and these, 
as experience has shown, and as can also be derived theoretically, are ener- 
getically preferred relative to the diradicals. Thus for exaniple, the deeply 
colored hydrocarbon substance obtained by Wirtic from 


G Cl 
| / 
(CCX crc SC (CeHs)o, 


and which forms a peroxide with oxygen, is not the expected diradical, 


(CgH5). >cm_< cH ci, cit (C.H5)o, 


but rather the quinoid biradicaloid, 


+4 Uy Suir unpublished. The term biradicaloid, usually used in essentially the 
Same sense, was coined by G. Witri<G, Ber., 69 (1936) 2091, 
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to 
NS 
on 


(C,H,).>C es = CH-CH=€ > —C<(CiHy) 


known as WITTIG’s hydrocarbon 1°, Like TscHITSCHIBABIN’s hydrocarbon 
it is diamagnetic 17°. 

Nevertheless this method of preventing an interaction between the radical 
centers by interposition of an ethane type of bond has been used effectively, 
by using completely substituted ethane carbon atoms on which no dispro- 
portionation is possible, i.e. by replacing both of the hydrogens on each of 
the two methylene groups in the above formula by saturated radicals. 
Such compounds are formed by polymerization of biradicaloids of the type 
of TSCHITSCHIBABIN’s hydrocarbon containing 3 or 4 benzene rings, in place 
of the 2 benzene rings of the aromatic chain in the simplest member of the 
series. They are therefore derivatives of at least triphenyl or quaterphenyl 1”. 
Thus for example the dimer of 4,4’’-bis-(dixenylmethyl)-terphenyl, is a true 
diradical: 


Iil — Tit 
(CMe CH), >C<K >< >< Y= C<(CoHy CoH == 


Biradicaloid, formulated as a diradical 


= mc81.2=-< >< >< — 


eS seo: Ra eR tO a Ma OMS 
GieC, HC, H,-0,tg 


Ill 
Premise >< >< > 


In the case of 4,4”-bis-(diphenylmethy]l)-terphenyl, the biradicaloid 
leads not only to a dimeric diradical, but alongside of this also to polymeric 
diradical types. In honor of their discoverer the simplest representative 
of this type may be referred to briefly as the EUGEN Mi Lier hydrocarbon. 
(For further details, see Chapter XVII). 


17% G, WittIGc, Ber., 69 (1936) 2087. Originally WiTTIG had attempted to prepare 
hydrocarbons of the type, 


iit eos it 
i —(CH,)n— —C<(R)- 


in order to find and clarify the relationships between radical-formation and ring- 
strain which might arise in the case of the cyclically-saturated isomers ofthe radicals. 
G.Wr1tic and M.LEo, Ber., 61 (1928) 854; 62 (1929) 1405; 64 (1931) 2395; G. WITTIG 
and von Lupin, [bid., 61 (1928) 1627. 

176 J. MiLtLER-Roptorr, Z. angew. Chem., 51 (1938) 662. 

177 EuGEN MULLER and H. Pranz, Ber., 74 (1941) 1051, 1075. 


226 ABNORMAL VALENCES OF CONSTITUENT ELEMENTS IV 


There is, however, still another possibility for eliminating interaction 
between two benzene rings, even when these are directly bound to one 
another, namely, by somehow or other holding the planes of the two rings 
perpendicular to one another. Why in this case interaction between the 
riugs is no longer possible can be explained strictly rigorously only by 
means of the quantum theory (See Chapter XVII). Nevertheless, by means 
of purely structural chemical conceptions it is at least possible to understand 
that the relationships in this case are different from those in the case of 
planar or coplanar positions ;—simply because of the double bonds lying 
between the rings, a quinoid formulation is possible only when the rings 
lie in the same plane, but not when they lie in mutually perpendicular 
planes. A deviation from the planar positions of the benzene rings of diphenyl 
may be brought about by the presence of at least two suitable ortho sub- 
stituents (See p. 71); in the case of four ortho substituents, this deviation 
will amount, if the substituents mutually repel one another, as in the case 
of electronegative chlorine atoms, to complete perpendicularity. As a matter 
of fact, true diradicals have been found in the case of compounds of this 
type. In these compounds magnetic measurements (see Chapter XVII for 
details) have demonstrated the mutual independence of the radical centers. 

An example of such a diradical is furnished by 2,6,2’,6’-tetrachloro-4,4’- 
bis-(aixenylmethyl)-dipheny] 178, 


Cl Cl 
CoHy—CgH OE Deyn gree aT 
Cries ~ a eo 
Cl C1 


In solution this substance is present as such alongside of its polymers 
formed by association of the monomers at their chain ends, just as in the 
case of SCHLENK’s hydrocarbon. 

In the case of o-tetrachloro-p,p'-(diphenylmethyl)-diphenyl 179, 


ClAGl 
IIl — III 
(CoE), >C— K -ClC Hades 
ee ee 
CieGCl 


the EuGEN MULLER diradical, the first radical] of this type to be prepared, 
the associative capacity is still so large, because of the small volume occupied 
by the substituents which are attached to both of the two trivalent carbon 


us EuGEN MULLER and E, Tiezz, Ber., 74 (1941) 807. 
9 EUGEN MULier and H. NeEvHorr, Ber., 72 (1939) 2063. 
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atoms (phenyl in place of xenyl), that chain-associates are found in consider- 
able amounts alongside of the monomers in the solution. 

In the case of 2,2’-dimethyl-4,4’-bis-(diphenylmethyl)-diphenyl °°, the 
0,0’-dimethylated TSCHITSCHIBABIN hydrocarbon, known also as Theil- 
acker’s hydrocarbon: 


CH, 
Ill III 
(C,H,)2>C— peau (CoH) 
CH, 


which likewise exists to only a small extent alongside of its polymers in 
solution, the relative position of the planes of the benzene rings is still not 
perpendicular, since here only two methyls tend to produce a deviation 
of the rings from the co-planar position. Theoretically it may be foreseen 
(Chapter XVII) that in this case an equilibrium is established between the 
somewhat distorted quinoid form, the 9o°-rotated diradical form, and 
between the di- and the polymeric forms. Because of the different energy- 
contents of the individual forms it may be expected that the point of 
equilibrium will shift with the temperature. The behavior of the oxygen- 
sensitive hydrocarbon on heating in benzene solution is in agreement with 
this fact: at 20°C, a 2 % solution is weakly yellowish-green, at 80° C it 
is wine-red. The TSCHITSCHIBABIN hydrocarbon shows no color-changes on 
heating. Similarly, the Theilacker hydrocarbon, unlike the TSCHITSCHIBABIN 
one, is paramagnetic in solution. 


(n) Physicochemical Problems I nvolved in the Dissociation of a 
Compound into Radicals 


If we take as given the fact of the dissociation into free radicals of cer- 
tain compounds in which the atoms exhibit their normal valences, there 
arise therefrom some problems regarding this dissociation. These problems 
are of the same kind as those involved in other dissociation processes in 
solutions (Cf. Vol. II, Book IV, Chapter XX). The determination of the 
degrees of dissociation in various solvents, as well as of the related thermal 
and reaction-kinetic magnitudes, furnishes the foundations for a theoretical 
interpretation of dissociation into radicals (Cf. Book III, Chapter XVID. 
First of all one must be satisfied merely with the determination and verific: . 
tion of the facts; these then enable one to penetrate deeper into the prob- 
lem, though they do not as yet make possible its solution. 

180 W. THEILACKER and W. OzEGowskI, Ber., 73 (1940) 33, 898. 
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The degree of dissociation is best determined colorimetrically, or by 
measurements on the magnetism (Cf. p. 177, and Book III, Chapter XVII); 
molecular weight determinations often lead to quite inaccurate values. Both 
the color and the magnetic properties are influenced by the nature of the 
solvent and by the temperature. In strongly diluted solutions these sub- 
stances obey the same OstTWALpD dilution law to which dilute electrolytes are 
subject, and the dissociation constant can be calculated from the Beni of 

az 
(I—a)v 
If, as happens more frequently, the radicals enter into molecular compound 
formation with the solvent, then for such a solvent deviations will occur at 
higher concentrations, in such a way that with decreasing dilution, 1.e. 
increasing concentration, k will increase. 

It is remarkable that in the case of cyclohexane as a solvent the course of 
k is quite the opposite. This substance forms no molecular compounds with 
free radicals. As the degree of dilution is decreased, i.e. as the concentration 
is increased, k decreases. No reason for this behavior is known 1%; it is 
however likewise remarkable that in comparison with other solvents, the 
degree of dissociation in cyclohexane is in general very small. 

The constitution of a hydrocarbon that dissociates into radicals is of 
secondary importance in so far as the effect of the solvent on the degree of 
dissociation is concerned !*?; i.e. on changing from one solvent to another 
this changes in about the same ratio for all dissociating hydrocarbons. It 
is therefore possible to set up a series which approximately reproduces the 
order of the dissociating power of various solvents. If we set the dissociation 
constant in benzene equal to unity, we have for other substances: 


dissociation « and the dilution v by means of the same formula, k = 


k in cyclohexane = 0.3; in nitrobenzene 1.1: 
in p-bromotoluene 1.3; in p-dichlorobenzene 5.7; 
in ethylene dibromide 5.7; in naphthalene 5.7. 


This series does not permit of any correlation with the constitution, or 


with any other physical properties such as dielectric constant, etc., of the 
solvent. 

81 Perhaps the cause is an association of the non-radical-dissociated molecules. 
Cf. WALDEN, Die Chemie der freien Radikale (‘‘Chemistry of Free Radicals’’), p. 295. 
This assumption of WALDEN is in itself somewhat probable since other substances 
dissolved in cyclohexane also frequently exhibit a strong apparent increase in molecular 
weight as the concentration of the solution increases. 

2 The position of the dissociation-equilibrium is discussed by G, H. CUTHBERSON 
and H. E. Bent, J. Am. Chem. Soc., 58 (1936) 2000 as well as by H. E. Benrand E. S. 
EBERS, tbid., 58 (1936) 2073. According to them, no dissociation of gaseous hexa- 
phenylethane would be expected. Substances that readily dissociate into radicals 
have not as yet been obtained in the gas state. 
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The influence of temperature on the dissociation constant is rather small, 
but definite enough to permit calculation of the heat of dissociation, Q, 


we Lie Q 

by m f th ! -- 
y means of the equation —-. RT? 
Such calculations have yielded values of Q = 11-12. Cal. for the disso- 
ciation of hydrocarbons into free radicals 18%, i.e. values of the same order 


of magnitude as have been found for the dissociation 








N,O, — 2 NO, — 13 Cal. 
(or for the ionization of water for that matter), 
H,O — H* + OH — 733.7 Cal. 


The dissociation of the tetrazanes into radicals containing divalent nitrogen 
involves a heat of dissociation of 6—18 Cal. 14. 

Beside the dissociation equilibrium constant and the heat of dissociation, 
the velocity of dissociation of a hydrocarbon into its radicals is also of 
theoretical significance. The dissociation obeys the laws of a mono-molecular 
reaction (See p. 707). From the temperature coefficient of the rate of dissocia- 
tion we can calculate the energy which is necessary to break the bond at which 
the fission of the molecule occurs. This energy of activation (for details see 
Vol. II, Book IV, Chapter XVIII) must not be confused with the heat 
of dissociation which is obtained from data on the temperature coefficient 
of the equilibrium constant ; this latter value is usually considerably smaller. 
The following values 18° have been found for the energy of activation, Qa: 


Hexaphenylethane —> 2 triphenylmethyl, in toluene, 19,4 ° Cal..78¢ 
Pentaphenylethane —> (C,H;)sC +HC(C,Hs)o, in o-dichlorobenzene, 27.6 Cal. 1®7 
Tetra-(2,6-dimethylphenyl)-ethane —> 

2 Di-(2,6-dimethylphenyl)-methane, in o-dichlorobenzene, 22.5 Cal. '8* 

183 K. ZIEGLER and L. Ewatp, Amn., 473 (1929) 163; K. ZIEGLER, L. Ewa p and 
Pu. OrtH, ibid., 479 (1930) 277. Using data from the literature on colorimetric measure- 
ments of heats of dissociation, CH. B. Wooster calculates the following heats of 
dissociation : di-8-naphthyl-tetraphenylethane, 13 Cal; and for three substituted 
tetra-(methoxyphenyl)-methanes, 11—13 Cal. Cf. J. Am. Chem. Soc., 58 (1936) 2156. 
Values of the same order of magnitude follow from magnetic measurements, see 
R. PRECKEL and P. W. SELwoop, ibid., 63 (1941) 3397. 

184 Sp, GoLpscHMIDT and J. BADER, Ann., 473 (1929) 137. 

185 These values may be subject, —with the exception of those found for hexaphenyl- 
ethane, — to considerable experimental errors. 

186 KK. ZIEGLER and Pu. ORTH, Ann., 504 (1933) 131; summarized compilation on 
pp. 144 and 146. 

187 W. E. BACHMANN and G. Osporn, J. Org. Chem., 5 (1940) 29. For further pen- 
taphenylethanes see W. E. BacuMann, R. HorrMann and T. WHITEHEAD, J. Org. 
them., 8 (192 20. 
sic . ti W. Tu. Nauta and M. J. E. Ernstine, Rec. Trav. Chim., 60 (1941) 
245. In the o-, m-,and p-xylenes the value is likewise roundly 23 Cal.,7bid., 61 (1942) 476. 
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Tetraphenylhydrazine —> Diphenylnitrogen, in o-dichlorobenzene, 30 Gal, + 
Di-n-alkyl-dixanthyls —> n-Alkylxanthyls, in brombenzene, 29—30 Cal. 1% 


Considerably more accurate and certain are the energies of activation 
associated with the dissociation of the following tetra-arylated-ethanes in 
brombenzene as the solvent 1%: 


Tetraphenyl-dimethyl-ethane 30.0 Cal. 
Tetraphenyl-di-ethyl-ethane 27.2 Cal. 
Tetraphenyl-di-n-propyl-ethane 26.7 Cal. 
Tetraphenyl-di-n-amyl-ethane 26.6 Cal. 
Tetraphenyl-di-7so-propyl-ethane 25.0 Cal. 
Tetraphenyl-di-cyclohexyl-ethane 25.0 Cal. 
Tetraphen yl-di-cyclopentyl-ethane 24.7 Cal. 


In this table the dimethylated ethane is distinguished quite clearly from 
the other ethane compounds. The same is not true in the case of the series 
of the m-alkylated dixanthyls 191. While the activation energies of the other 
tetra-arylated ethanes differ only slightly, there are nevertheless consider- 
able differences in the velocities of dissociation. These differences must be 
ascribed to differences in another important factor co-determining the 
velocity of the reaction, the significance of which for monomolecular disso- 
ciation or fission reactions has not as yet been completely clarified (see 
Vol. II, Book IV, Chapter XVIII). 

The velocity of association of the radicals to form dimers has not as yet 
been followed by experimental measurements 192, It must be assumed that 
the association process also demands the application of a certain energy 
of activation; this is equal to the difference between the activation energy 
of the dissociation and the heat of dissociation. This question will be dis- 
cussed in detail later on in Vol. II, Book IV, Chapter XVIII, Section 3. 
For triphenylmethyl the energy of asscciation-activation is then 19—I2 = 
a Calais 


#*° C. G. Kainand F, Y, WisELocte, J. Am. Chem. Soc., 62 (1940) 1163. See however 
also G. N. Lewis and D. Lipxin, ibid., 63 (1941) 3232. 

100 J. B. Conant and M. W. Evans, J. Am. Chem. Soc., 51 (1929) 1925. K. ZIEGLER 
and Coworkers, Ann., 551 (1942) 150. The data above have been taken from this last 
paper. The method of calculation for Q, as used by Conant and EVANS, is, as has been 
emphasized by ZIEGLER, not free of objections. The values calculated by Ziegley must 
be considered as considerably more accurate than are those calculated by Conant and 
Evans, the latter varying from 26 to 34 Cals. In the cases of di-isobutyl-, di-iso- 
propyl-, and di-benzyl-di-xanthyls, the velocity of dissociation is so great that no 
exact measurement is any longer possible, 

WiC KIODiecGEEeny, Ay SEIB, K. KNOEVENAGEL, P. HERTE and F. ANDREAS, Ann 
551 (1942) 150. . , 

192 In the case of diphenylnitrogen the energy of activation for the association 
process, as estimated from the great.velocity of association, seems to be at the most 
1 Cal.; G. N. Lewis and D. Lipxin, J. Am. Chem. Soc., 63 (1941) 3232. 
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The activation energies calculated from the temperature-coefficients of 
the constants for the rate of dissociation are directly proportional to the 
strengths of the C—C-bonds in the substituted ethanes, which the heats 
of dissociation by themselves are not. The latter terms do, however, contain 
the energy of activation for the association process, a term that may in a 
certain sense be looked upon as a measure for the stability of the radical. In 
theoretical considerations that seek to explain the existence of the free 
radicals one must then probably distinguish between the stability of the 
isolated, or solvated-in-solution, radical-molecule, and the strength of the 
C—C-bonds in compounds that are able by dissociation to form radicals that 
may be so labile (toward further reaction) that no true equilibrium state 
comes into being (p. 183). A theory that seeks to solve the problem of the spe- 
cial stability of radicals of certain definite constitutions on the basis of these 
constitutions need then not necessarily also explain or determine the bond- 
strengths of the C—C-bonds in the variously substituted ethanes. Neverthe- 
less it is easy to see that those considerably stabilized radicals, and which 
require a considerable energy of activation to undergo association, will 
exhibit a rather small tendency to undergo association, and the associated di- 
or poly-mer will in turn be rather weakly bonded. Conversely, factors that 
have nothing whatever to do with stability of the radicals formed by disso- 
ciation may also considerably weaken bond-strengths. Such cases occur 
whenever the instability of the radicals is such that a true state of equili- 
brium cannot be established, as in the cases of the variously alkyl, or cyclo- 
hexyl, aryl-substituted ethanes. As yet we have a suitable theory for the 
stability of only certain types of radicals. This theory applies also to the 
lability of the dimers formed from these radicals (See Vol. II, Chapter XVII). 
A more comprehensive theory that deals also with the changes in the 
strengths of the C—C-bonds (or of the C—N-, N—N-, C—O-, or O—O-bonds), 
as a function of the nature of the substituents attached to the carbon atom, 
has yet to be developed. 


(0) Summary and Conclusions 


The abnormality in the valence number of the free radicals is characterized 
by the fact that the valence of the element present as the nucleus of the 
radical is less by one unit than the number corresponding to its position 
in the periodic system of the elemerts. While normally the elements in the 
even groups of the periodic system exhibit only even valences, and the 
elements of odd groups exhibit only odd valences, it is just the opposite in 
the case of the same elements when they occur in the free radicals. The first 
rule as to the valence stated. above may be considered almost as a law and 
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is held to be due to the usually paired occurence of the valence electrons 
that determine the valences. This phenomenon of pairing has indeed found 
a theoretical interpretation on the basis of the most recent results of investi- 
gations in the field of the physics of atomic structure. (Cf. Vol II, Book III, 
Chapter XVII). As a result, most of the compounds of the elements of the 
first two rows of the periodic system contain an even number of electrons. 
The best known exceptions are nitric oxide, NO, with a total of fifteen, and 
nitrogen dioxide, NOg, with a total of 23 valence electrons. Exceptions 
are more frequent among the elements of higher atomic weight. In the case 
of such compounds, their exceptional nature is also evident in their chemical 
behavior; they are usually very reactive, or also unstable. Thus NO, poly- 
merizes readily to N,O,. In this connection it is worth observing that at 
ordinary temperatures the free atoms of the halogens with their seven 
valence electrons are not stable as such, but immediately unite together to 
form molecules. At higher temperatures, on the other hand, atoms with an 
odd number of electrons also exist in the free state; in the case of iodine, 
indeed, the temperature of noticeable dissociation of I, to 2I isnot at all 
high, being 700—800° C. From this it follows that the existence of structures 
with seven outer electrons clustered and rotating about a single atom is 
not at all, excluded. 

The radicals can, in part in their turn, be derived from simple types of 
compounds with an abnormal valence, as for example diphenyl nitrogen 
oxide, (C,H;),>NO, which, like nitrogen dioxide, contains an uneven 
number of electrons. 

In these cases, the unpaired electron belongs, as representation by means 
of electronic formulas shows immediately, to the nitrogen which is thus 
surrounded by seven electrons. (Cf. pp. Ig1-192). 

The number-seven—of electrons on a single atom,—is also found in the 
case of the radicals with trivalent carbon, divalent nitrogen, univalent 
oxygen, the radical ions of triaryl amminiumi, and in the metallic compounds 
of the boron triaryls. The still less investigated ammonium radicals found 
only in solution must, it is remarkable to say, then contain g electrons on 
the nitrogen atom; in them certain not yet clarified, special conditions must 
undoubtedly prevail. In the case of all of these compounds the unpaired 
electron produces Paramagnetism, while compounds containing only bonding 
electron pairs must be diamagnetic. In so far as it has been possible to carry 
out the magnetic investigations, they have established the radical nature 
of these compounds. 
¥ The radical nature thus produced by the presence of an unpaired electron 
et also be seen from the reactivity of the radicals, an unusual state 

1s eliminated by the formation of compounds with an even number 
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of electrons, if the molecule only finds an opportunity to do this. This state 
is particularly unstable in the case of a simple radical of the type of methyl, 
which, as soon as it meets with another methyl radical, unites with it to 
form dimethyl (Cf. p. 190 1%), This union reminds one of the formation of 
the halogen molecules from the halogen atoms, for the halogen atom is like- 
wise surrounded by 7 outer or valence electrons, and unites with similar 
atoms in a strongly exothermic reaction; thus the heat of formation of the 
chlorine molecule is 59, that of the iodine molecule is 35 Cal. 

The inherently unstable arrangement of seven electrons about an atom 
is to a considerable extent stabilized by certain peculiarly unique substitu- 
tions, especially by aromatic or unsaturated substituents, so that the radicals 
can be preserved for observation in the dissolved state, and to some extent 
even in the crystalline solid state. The manner in which this peculiar effect 
of the substituents mentioned is brought about can be theoretically under- 
stood today by help of the quantum theory. Here however, where we wish 
to discuss only the foundations of the systematics of organic chemistry, 
it is not in place to go into greater details on this matter. (For further 
information compare Vol. II, Book III, Chapter XVII). 

Reactions of the Radicals. We have already discussed the capacity of most 
radicals containing trivalent carbon to combine with one another, or to 
dimerize, to form a 2-electron C—C-bond. If the radicals do not react with 
radicals of their own or similar kind, certain reactions which lead to struc- 
tures with paired numbers of electrons do nevertheless always occur. The 
characteristic capacity of alkali atoms to add depends on the tendency of 
the radicals to complete their electron septets to octets; there is thus formed 
a univalent anion with an electron octet including a lone electron pair: 


| CoH; C,H; | 


Gc | Na 
| “gt My | 


_C,H; | 


This reaction is comparable to the tendency of the halogens to form univa- 
lent anions 1%4, In the case of other reactions, however, the radicals resemble 


183 Targer radicals undergo other changes, the nature of which is usually unknown, 
see This Volume, pp. 183-184. 

194 The results of calculations of the electron affinities of a considerable number of 
radicals, as carried out by H. E. Bent and Coworkers, appear rather dubious in the 
final result because of a number of experimentally only inaccurately determined 
magnitudes which had to be used in the course of the calculations. See H. E. BEE, 
J. Am. Chem. Soc., 52 (1930) 1498; 53 (1931) 1786; H. E. Bent and M. apse esa 
Thid., 54 (1932) 1393; M. DorrMan, [bid., 57 (1935) 1455; H.E. Bentand N.B. srs 
Ibid., 58 (1936) 1228, 1367; N. B. Keevit, ibid., 59 (1937) 2104, as well as further 
papers. 
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more nearly the univalent alkali metals; thus they are easily oxidized to 
form peroxides. Further than that, they combine readily with halogens 1%; 
the resulting halides act as electrolytes when dissolved in sulfur dioxide 
as the solvent, and the positively charged radical, possessing now only six 
electrons, migrates as a cation to the cathode. It must of course be admitted 
that this electron sextet is stabilized by solvate formation with the solvent, 
which also contains a sextet S-atom perhaps in accord with the equation: 


C,H; C,H; C,H; h . C,H; es 


Ci 


or the like. In any event, even for the formation of such a cation, the 
result is a structure with a paired number of electrons. 

In their reactions therefore, the radicals with trivalent carbon are charac- 
terized by the fact that they are able to take up one electron to form an 
octet, as well as to give up an electron to yield a sextet; the formation 
of an octet can also be effected by dimerization, or by formation of a 
homopolar bond. 

The most important types of compounds of boron, carbon, and nitrogen, 
containing 6,7 or 8 electrons on one of these atoms, are given in the sum- 
marizing Table 5. 

From the systematic point of view the summary given in the table is 
synoptical and satisfactory. At the same time, however, it should not be 
forgotten that this does not enable us to make any more definite statements 
or predictions as to the details of the state of bonding in the free radicals, 
as well in the anions and cations corresponding to them in composition, 
the more so as almost nothing, other than the fact of their conductivity, 
is known about the solutions of the alkali compounds 2% in ether, and of 
the halogen compounds 1% in sulfur dioxide. 

In this connection it is quite remarkable that the alkali compounds of 
the radicals by no means always react as if the alkali metal were attached 


- Chlorine and bromine act only in part as substituting agents; in the case of 
iodine the reaction leads to a state of equilibrium. 

196 In the case of the solutions of the alkali alkyls in the zinc alkyls, very much 
more and detailed information is available as a result of the work of F. HEIN already 
mentioned on pp. I9gI-I92. 

x07 Thus for example, the formation of triphenylmethyl on the cathode during the 
electrolysis of triphenylmethy] bromide, (C.H;),CBr, in liquid sulfur dioxide solution, 
has been proved by the work of W. ScHLENK, Ann., 372 (1910) Ir. 
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Six Electron Systems 
































Substituent + charge neutral — charge iericoaris 
Hydrogen — — — (BH,) (CH 
Alkyl C(CH,);" B(CH,), ar (C(CH,) els 3 
Alkoxyl = i B(OCHs)s ies, faa 
Aryl C(CgH5)5° B(C,Hs)s a [C(C,H5)e]2 

( 6° 5/2 
Seven Electron Systems 
Hydrogen — CH, — (CH Jo, (NH,) 
Aiky! -- - -- [C(CH,) Je. 
N(CH 
Alkoxyl - home na eet 
Aryl N(C,H;);° C(C,H,) [B(C,H;5)o]’ [C(C,H 
Cation ‘of N(C,H,)s Anion of TRAE 
radical Neutral radical ’ 
character radical character 
Eight Electron Systems 
Hydrogen NH, CH, CH,’ 
NH, NH 
Alkyl N(CH), C(CHs),4 Dimeric forms 
N(CHs)3 = not known. 
Alkoxyl — C(OCHs),4 = 
Aryl N(CoH5)4 C(CoHH5) 4 [C(CeHs)s]’ 
N(C.H5)3 














Without forcing things in any way, the compounds of oxygen and of 
the halogens could also be fitted into this summarizing table. Among the 
six-electron substances would be: dimeric O,; among the seven-electron 
substances: neutral, O—Ar 18, X=halogen-atom 1°; dimeric forms (OH), 
X,; among the eight-electron substances, -> charged OH,’, O(C.H;)3° (Cf. 
p. 134); FH,’; neutral, OH,, FH; —charged, OH’, F’, etc. 








to the methane carbon atom, although this type of reaction is the more 
common one. For under certain circumstances it is possible to isolate 
reaction products the formation of which is best explained and pictured by 
assuming that the alkali compound formed is that of a ,,quinolide” substance 
formed by a bond shift, and in which the alkali atom is attached in the para- 
position of a six-membered ring. Thus, for example, triphenylmethyl 


198 Ar — Aromatic residue (Cf. p. 198). 
199 X = halogen atom. 


2360 ABNORMAL VALENCES OF CONSTITUENT ELEMENTS IV 


sodium does not react with triphenylacetyl chloride 2° according to the 
equation : 
(C,H,)s=>C—Na + Cl—CO—C(C,H,), = (C,H;),->C—CO—C(C,H;,), + NaCl 

(I) 
to give hexaphenylacetone, but rather according to a similar equation to 
give triphenylacetyl-triphenylmethane, or #-(triphenylacet ylphenyl)-diphe- 
nyl-methane 7%, or via triphenyl-methyl-{4-(diphenylmethylene)-cyclo- 
hexadiene-2,5-yl] ketone to give triphenylmethyl-[p-(diphenylmethy]l)- 
phenyl-]-ketone 7°. This result would be very understandable and self- 
evident if the sodium compound had reacted in the quinolide form: 


O 
(C,H,),> C=C Coty a Cl Cee Hee 
== NG 


oN 
—>'(C,H;),>C=C C = A 
NS pt cartel —> (CoHs)2> CH—< J ee 
O (II) 
The magnesium compound of triphenylmethyl chloride, a Grignard com- 
pound, reacts with aromatic aldehydes according to both formulas I and 
II above, i.e. both as 


H 
(C,H;)3->C—MegCl and as (C,H;).> c-<< xX 
MgCl 


for the products isolated from the reaction with benzaldehyde are $-benz- 
pinacolin, CxH;—CO—C<(C,H,)s, formed by auto-oxidation of the alcohol, 


OH 
vs 
(CeH)¢C—C— 





C,.H;, primarily formed by reaction 1; and p-benzoyl-phenyl- 
diphenyl methane, (C,H;),> cH —co—cyth, formed by reaction I12®. 


The free radicals themselves likewise do not always react in the way 
demanded by the radical formula. Thus when tripenylmethyl is treated with 
hydrogen chloride dissolved in benzene, it is converted to benzhydryl- 
tetraphenylmethane, or triphenyl-(p-diphenylmethylphenyl)-methane a) 


(C,H;).> CHK CIE), 


200 W. SCHLENK and E, BERGMANN, Ann., 464 (1928) 10, 

201 H. WIELAND and H. Kioss, Ann., 470 (1929) 208, 220; W. ScHLENK and Bg 
BERGMANN, Ann., 480 (1930) 183. 

say J. Scumipiin, Ber., 39 (1906) 4185; 40 (1907) 2318; J. ScCHMIDLIN and A. Garcia 
Banus, Ber., 45 (1912) 3193. 


208 M. GoMBERG, Ber., 35 (1902).3914; A. E. TscHItscHIBABIN (CHICHIBABIN), Bery., 
37 (1904) 4709; 41 (1908) 242r. 
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On the other hand other similar radicals subjected to the same conditions 
normally react in accord with the equation, 


(Ar); >C + H—Cl + C<(Ar), = (Ar); >CH + (Ar), >C—Cl 


Furthermore, as has already been pointed out for the diradicals, the 
chemical reaction does not always permit of unique and definite conclusions 
as to the constitution of the reacting compound. 

The chemical reactions of the metal derivatives of organic compounds, 
and indeed sometimes also of the free radicals themselves, therefore do 
not by themselves allow of conclusions as to the constitution of these 
substances. The observation that a compound may react in accord with 
any one of several formulas has also been made at various times in other 
connections; in such cases, and under some circumstances, certain limits 
may be set to the determination of constitution by chemical methods. 
For the radicals in particular, the complete solution of the preblem can 
first be given in the second volume (Book III, Chapter XVII). At the 
present time, in the next chapter, simpler examples will be discussed. 
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CHAPTER. V 


TAUTOMERISM 


(1) THE MEANING AND SIGNIFICANCE OF STRUCTURAL FORMULAS 


The formulas of organic compounds which enable us to arrange these 
substances into a system are usually known as structural formulas}. By 
this term we give expression to the fact that in these formulas we expect, 
or at least hope, to see more than a bare scheme of systematics, such 
as in their time was given by the formulas of the type theory. The formula 
should give a picture of the mutual relations of the atoms one to another. The 
means of expression which the formula has for this purpose are of both 
a geometrical and a chemical nature. The geometry is the usual space-conception 
as taken from mechanics. According to this each atom in the molecule has 
its own special position in space. The originally prevailing conception that 
this position could change with time while the chemical relations of the 
atoms to one another remained the same, i.e. that the atomic linking was 
not changed, could not be retained without certain limitations. Experience 
gained as to the number of isomeric substances forced chemists to the 
assumption of certain rigid equilibrium positions for the atoms. These 
positions are given by certain symmetry-conditions which are imposed by 
each atom on the basis of its own unique symmetry upon the atoms linked 
to it, with respect to their positions in space. This is the essential concept 
of stereochemistry. On the other hand, the relative space-positions of atoms 
not directly linked are not rigidly determined; the hypothesis of “‘free rota- 
tion” states that while even for more distant atoms several positions may 
well be preferred, the stability of such positions of the atoms is in any case 
not great enough to be retained for a period of time of sufficient length 
to be susceptible to observation. These mechanical considerations as to 
the spatial arrangements of the atoms within the molecule are related to 
the concept of atomic linking. This concept places certain selected atoms 
within the molecule in particularly close relations one to another,—this type 
of relation being known as chemical bonding. Atoms thus chemically bound 


1 The expression “chemical structure” is first found in an article by A. BUTLEROW, 
Z. f. Chemie, 4 (1861) 549. 
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to one another are spatially also closer to one another than are those not 
chemically bound. 

The formal expression for a bond is the bonding dash between two 
atoms: we must however as yet refrain from the attempt to represent the 
mutual interactions of more distant atoms by means of a formula. The 
simple bonding dash does not however alone suffice as an expression for 
chemical bonding if the guiding principle in the systematics of organic 
chemistry, the tetravalence of carbon, is to be applied generally. On the 
contrary, one is instead forced to differentiate between various types of 
bonds, the simple, the double and the triple bonds. As a result the primitive 
chemical mode of expression, of formula- or symbolic language for atomic 
bonding, is brought into correlation with the chemical concept of valence: 
Corresponding to the various types of bonding there are characteristic 
differences in chemical behavior. In the face of all this progress in the 
possibilities of expression thus gained by the chemical formula, one must 
not forget that the differences in the reactive-capacities of formally like 
bonds, which are often very characteristic, can still not be represented, 
and that all predictions as to the bond at which a reaction will attack are 
of a purely empirical nature *. Thus, for example, one simply must remember 
the rule that hydrolysis with alkali attacks the carbon-halogen bond, in 
some cases also the carbon-oxygen bond, and no chemist would think of 
formulating the hydrolysis of chloro-ethane as taking place on the C — C- 
bond. Thus we have; 


EL H 


HH. H 
HCC cr aD ees Eon 
He Moy ‘saent bee Hey. 
Chloro-ethane Ethyl alcohol 
but not 
H H H H 
[= Ae) o> ae H,O is2 va 
H,C—:CH,Cl a H—C—OH + H—C—H a H—C—OH + H—cC— 
: ACE ADT EEG “Git saute bts f NOH 
Methyl alcohol + methyl chloride 2 Methy!] alcohol, 
or 
Te HH 
H,C— CH,Cl + HOH —> H—C—H + HO—C—Cl 
Ha ~ PET 
Chloroethane Methane Hydroxy-chloro-methane 


* Already at the time of the development of structural chemistry W. MARKOWNIKOW 
pointed out that a structural formula offers no basis for predictions as to the point 
at which a reagent attacks or will attack. MaRKOWNIKow recognized likewise that 
in this connection the mutual interaction of the atoms within the molecule plays a 
certain role. “As to the influence which the atoms exert upon one another’’ (Kazan 1865) 
later republished in ‘In Memory of W. W. Markownikow (V. V. Markovnikov), 
Moscow 1905, Borisenko Publishers. Compare also Ber., 38 (1905) 4255; A. MICHAEL 
J. prakt. Chem., [2] 60 (1899) 288. 
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H H H H 
a — 
HO—cC_t1 + H,O —> HO—C—OH 20 C=O 
| aS eae aie 


Formaldehyde hydrate Formaldehyde. 


If however we consider the trvichloro-dihydroxy-ethane, or chloral hydrate, 
we see that here the alkali does attack not the C—Cl-bond, but rather 
the C—C-bond: 





Cl H Cl H 

a Z 
ee OF 5 ClO - O=-C— ON )\—>.H,0 + HC-—OH 
ei calt eH. Che OH. 
Chloral hydrate Chloroform Formicacidhydrate Formic acid. 


= Orthoformic acid 


But even in the absence of halogen, the C—C-bonds are not always 
absolutely stable to attack by alkali, as is shown by the behavior of fenchone 
when heated with potassium hydroxide to 220-240°C, when a smooth 
breaking of one of the bonds leads to fencholic acid *: 











H H 
Cc Cc 
ee bore as POs ee Ls 
H,C re 13 COCH, 
| chia Came Girt nites 
ie, 
H,C C=O H,C C=O 
tee Pirate. 
CH, CH, 


Acids too may under certain circumstances cause the fission of a C—C- 
bond. Thus for example 1,1'-formal-bis(2-methoxy-naphthalene) (Di-(2-me- 
thoxy-naphthyl)-methane) hydrolyzes smoothly with 2 % hydrochloric acid 
to yield $-naphthyl methyl ether *: 

CHa 


Pal 
a 


= 
oa Ss. 
CH CH,O/ beg SOCH 
aks pits ey A CO aise 


Other compounds of the same general or similar structure are split in 


the same way. ! 
Just as the position at which the molecule is attacked by a particular 


3 O, WattacH and H. Wrenuaus, Amn., 369 (1909) 71; 379 (1911) 182; DELALANDE, 
Ann. Chim. Physique (3), 1 (1841) 120; Ann., 38 (1841) 337; M. GUERBET, Compt. 
Rend., 148 (1909) 720. For other ketones see W. E. BACHMANN, J. Am. Chem. SOR 
57 (1935) 737; also G. Lock and E. Bock, Ber., 70 (1937) 916. 

4M. S. Kwarascu and J. Porscue, J. Org. Chem., 1 (1936) 265. 
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reaction can not be read out of the formula, so just as little can the finer 
differences in the reactivity of formally like or similar atomic linkages, 
such as of the O—H-bond, be deduced therefrom. It is simply necessary 
for one to remember that in the case of the alcohols (R = alkyl) the equili- 
brium R—O—H => R—O’ + H* lies at a hydrogen ion concentration of 
about 10-15, while for the carboxylic acids (R = acyl) it lies at concentra- 
tions around 10-3 to 10-5. We may mention a few more examples: The 
various velocities of esterification of the alcohols do not find expression 
in their formulas: furthermore, the double bonds do not always enable 
one to recognize the reactive capacities that are usually ascribed to them. 
Thus, for example, the equilibrium between bromine and ethylene lies far 
to the side in favor of the addition product dibromo-ethane, while on the 
other hand, in the case of tetraphenylethylene, no bromine whatever can 
add on (Compare pp. 578, 581, 640). 

Aside then from the three types of bonds indicated simply by the number 
of the valence dashes, a formula does not indicate any of the chemical details, 
or fineness, in the molecular structure. It is a structural formula in the 
true meaning of this word, so far as showing the coarser differences of the 
three types of bonds. To these must be added as a fourth the aromatic 
bond, the six-carbon nucleus or ring of which must for the time being 
apparently stand as something apart. The structural formulas constitute 
then a perceptual systematization with objective pictorial representations 
in so far as concerns the positions of the atoms in space, and hence involve 
considerably more than does a mere scheme or diagram. Nevertheless what 
is meant or represented by the chemical bond still remains inconceivable, 
and is illustrated or expressed in a theoretically not understood way in a 
multitude of reactions and transformations. The new electron theory of 
valence likewise does not lead one much further as regards this point. It 
does, it is true, replace the bonding dash by two dots for the electrons, 
and thereby gives us the advantage of new possibilities for combinations, 
and hence of new types of bonds. Fundamentally however, these types 
of bonding were also present before, since one could then think of the bond 
as consisting of the hooklets; one only had to suppose that these hooklets 
were not to be conceived as rigidly attached or suspended from one atom, 
but rather that they could change over back and forth from atom to atom, 
and thus obtain from this theory the progress that the electron theory 
has given us*. As to the manner and the means by which the electron 
bond can change over from case to case within a formally like bond, and 
how this electron bond behaves in the case of disturbances that occur in 





* The concept of hooklets was however less susceptible to such an interpretation 
of hooklets wandering about from atom to atom. 


1 MEANING AND SIGNIFICANCE OF STRUCTURAL FORMULAS 245 


the case of chemical reactions, the formal electron theory of valence is 
unable to say anything. Therefore it does not lead us much further into 
the fine structure of the molecules than does the old bonding-dash theory. 
One can therefore not close one’s eyes to a recognition of the fact that 
we have not gained by means of the present chemical formulation all that 
which we hoped when the chemical formulas were first set up. For at the 
very beginning one intended to read out of the chemical formula in particular 
just this one thing, the reactive-capacity. The impossibility of the complete 
fulfillment of this desire and hope becomes clear the moment we recognize 
that the various reactions are specific, and that, depending on the experi- 
mental conditions, a molecule will be attacked now in the one, now in the 
other position, now in this, now in that manner. The old argument between 
the radical theory. of LreBic and the etherine theory of Dumas rested on 
the fact that in the early days of the development of organic chemistry it 
was necessary first of all to find or battle one’s way to an understanding 
of this by no means self-evident fact. It seems important therefore, in this 
connection, to illuminate once again, in the light of our modern points of 
view, the various and different conceptions of LiEBIG and Dumas. 
LIEBIG wrote monochloroethane C,H,;Cl, and considered that therein 
the radical ethyl, C,H;, constituted an unchanging and unchangeable organic 
residue. He was able to use the formula C,H,Cl for all those reactions in 
which the chlorine is exchanged while the ethyl residue remains unchanged, 
as well as for further similar transformations of the reaction products. 
Thus for example; 


CHCl + .H,0..= .C,H,0H + HCl 
Ethyl chloride Water Ethyl alcohol + Hydrogen 
or Ethyl chloride 
hydroxide 
aC HOF, o=,,{(CaH,),0..,--; . H,0 


Ethyl] alcohol Diethyl oxide + Water 
or Ethyl hydroxide or Ethyl ether 


and 
C,H,OH + C,H,O, = C,Hs-C,H30, + H,O 
Ethyl Acetic acid Ethyl acetate Water. 
hydroxide 


These exchange reactions correspond formally to the transformations of 
the inorganic salts, acids and bases. 

If on the other hand, following Dumas, we write the substance with the 
total molecular formula C,H,Cl in the form C,H, - HCI, i.e. etherine hydro- 
chloride, or ethylene hydrochloride, in our more modern nomenclature, 
then we simply emphasize the addition and fission reactions, and in these 
the C,H, residue or radical that was considered by LiEsiG as stable or 
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unchangeable, is changed. At the same time we see thereby the relations 
of the compound C,H,Cl to the unsaturated compounds: 
CoH + HCl = C,H, HCl 
Etherine +. Hydrochloric acid = Etherine hydrochloride, 
(at low temperatures) 


C,H, HCl = C,H, + HCl ' 
Etherine hydrochloride = Etherine -+- Hydrochloric acid. 


(at high temperatures) 


C.H, + ALO = CLH Heo 
aft : Eehenne hydrate or Ethyl alcohol, 
C,H, ‘+. CH,O, omen Gg CHO 


Etherine acetate or Ethyl acetate. 


These addition and fission reactions find their formal analogy in inorganic 
chemistry in the behavior of ammonia with the same reagents. 

The result of the argument as to the “correct”? formulas was 7n the final 
analysis the recognition of the fact that in the choice of a “‘reaction-formula”’ 
the chief problem was that of usefulness. Nevertheless, chemists did not 
at once become conscious of this fact, as is illustrated by the fact that 
the etherine theory was abandoned completely in favor of the radical 
theory. Today we see the reason for which the Lrepic formulation had to 
be preferred. The reactions derived from it are substitution reactions, the 
investigation of which, since it permitted the determination of the relations of 
atom to atom, finally led to the principle of structure of organic chemistry, — 
to the principle of atomic linking. The formulation of Dumas on the other hand, 
which places its emphasis on addition, fission, and elimination, reactions, 
includes, as we know today, a much smaller number of reactions ;—i.e. only 
those reactions that are characteristic for unsaturated compounds with 
double or triple bonds. In the case of the addition reactions the mutual 
bonding of the two adding atoms is indeed changed in its nature, but it 
is not destroyed; in the case of the fission reactions, just the reverse changes 
take place in the bonding states of the two atoms. Therefore such processes 
could not lead to a knowledge of the relations of atom to atom in the initial 
substance, and hence also not to the important principle of atomic linking. 

Even today in our nomenclature we still find remnants of both the view- 
points represented by Liepic and by Dumas. These remnants show that 
it was only a matter of convenience which of the two one was to prefer. 
Thus still today we name organic chlorine compounds that are easily 
obtained by addition of hydrogen chloride to a double bond as the “‘hydro- 
chlorides” of the initial unsaturated organic compound (along with an also 
much used, but very misleading expression that ought to disappear ®, as 


S D. VoRLANDER, Z. angew. Chem., 38 (1925) 1154. 
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chlorohydrates) (probably more common in German than in Anglo-American 
usage), while otherwise we name them simply as the chlorides of the corre- 
sponding organic radical residue. Well-known examples are camphene 
hydrochloride, which is readily and rapidly obtained by addition of hydrogen 
chloride to camphene, while the isomers are called bornyl chloride and iso- 
bornyl chloride, since they are usually formed by substitution of the secon- 
dary alcohol group of borneol or zsoborneol by chlorine. It is of course true. 
that chlorine compounds thus differently named do differ quite character- 
istically in the reactivity of the chlorine; of this we shall speak more later 
on (p. 415). Furthermore, some of the tertiary alcohols obtained by addition 
of water to unsaturated hydrocarbons in the presence of acids are also 
likewise known as hydrates, as for example camphene hydrate and amylene 
hydrate (camphanyl alcohol and amyl alcohol). 


(ii) THE PRINCIPLE OF THE LEAST POSSIBLE STRUCTURE-CHANGE 


IN CHEMICAL REACTIONS 


It is in the use of the principle of atomic linking that the value of substitution, 
as well as of addition and fission, reactions for structure-determinations 
first becomes clear without any further ado. Nevertheless in its application 
it must be assumed that in the case of the reactions mentioned the structure 
has remained constant in so far as possible. In the case of substitution 
reactions this means that changes have occurred only at that atom on which 
the substitution reaction has taken place: in the case of addition reactions 
the addition can take place, by the same token, only on two neighboring 
carbon or other atoms united or held together by a multiple bond ; and con- 
versely, elimination accompanied by double bond formation can occur only 
there where the two groups that unite after elimination are already located 
on neighboring atoms. In any other case we must expect a ring-closure 
to take place, which we must look upon as equivalent in a sense to a sub- 
stitution reaction. When in what follows we speak of addition and elim1- 
nation reactions, we shall always mean such reaction-processes as involve 
a double bond either before or after. In the course of time a large amount 
of work, especially that of KEKULE, ERLENMEYER and BUTLEROW, has 
shown that the assumption of least possible structure-change made here 
does in fact hold, at the least very frequently. 

In spite of this, later it still seemed to many investigators, especially to 
KOLBE, in view of the experience made in their time with the ‘‘reaction 
formulas” of LizBic and Dumas, to be an incomprehensible venture to 
draw conclusions as to the mutual positions of the atoms and as to the nature 
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of their linkages based exclusively on chemical reactions the courses of 
which in their details are still today unknown and “‘opaque”’ to us. KOLBE * 
even went so far as to believe that it would never be possible to solve this ulti- 
mate problem of chemistry. In his critical ponderings on this subject he 
however overlooked the fact that in the case of chemical reactions the relations 
between the atoms one to another can not be solved arbitrarily, and made 
no use of the recognition of the fact, which he himself had pointed out §, 
that while the absolute stability and permanence of the radicals as demanded 
by the old radical theory did not exist, nevertheless the atoms contained 
therein did at least by and large maintain the nature of their union. Con- 
sequently it was necessary to make use of a sufficiently large number of 
suitable substitution reactions in order to get behind the nature and the 
kind of the bonding of the atoms. In this way then the usefulness of the 
principle of the least possible structural change had been amply demonstrated 
by numerous conversions and reconversions of substances. In spite of this, 
however, KOLBE, excessively cautious on this point, did not wish to recognize 
the usefulness of this principle for the conclusions as to atomic linking that 
could be derived from it. 

- Nevertheless, KoLBE did have grounds for his caution and his warnings. 
The principle of the least possible structural change in chemical reactions 
had indeed been proved useful, but one did not yet know the limits of its 
validity. That such limits did exist could be seen from the fact that the 
reactions of the inorganic salts did not point uniquely to only one definite 
structure, so that it was impossible to derive a structural formula from their 
reactions alone. Thus for example: 


AgNO, + C,Hsl ——> AglI + C,H;—NO,, and also C,H;,-O—N=O. 


AgCN + CH;I ——> AglI + CH,—C=N, and also CH,—N=C. 


But in other cases it was quite customary to extend or draw the limits 
of the principle of the least possible structural change as widely as possible, 
in spite of the fact that the number of certain exceptions was constantly 
increasing ®, even in the case of reactions between purely organic compounds, 
without gaining any sort of clarity as to why the principle should be at 
all applicable in any case. As soon however as one has understood clearly 
the reasons for its applicability, one also recognizes just about where its 
limits are to be sought, where-after their exact determination is left to 


* H. Kose, J. prakt. Chem. (2), 15 (1877) 475. 

* H. Korps, Ann., 75 (1850) 211; 76 (1850) 1 (See This Text p. 8). 

* On the occasion of finding such exception E. LINNEMANN emphatically warned 
for caution in the application of the principles of substitution, addition, and elimi- 
nation. Ann., 159 (1871) 251. 
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the critically-made experiment. The application of the principle is based 
on experiments in which the reaction makes an attack on only one part 
or position of the molecule, as is recognized by the nature or type of the 
reaction products. Now it is however possible, as cited and illustrated above 
by the example of the carbon-carbon bond, that a reaction which is not 
at all observed on one compound, may occur in another compound. Thus if 
we consider the formula of chloral hydrate, we can not off-hand exclude 
the possibility that here the carbon-chlorine bond will also be hydrolyzed 
as in ethyl chloride. Whether or not this reaction will actually be observed 
will depend on whether, and in what velocity ratios, the two possible 
hydrolytic processes run along side by side, and furthermore on the accuracy 
and sensitivity of the analytical methods that are used to detect the theo- 
retically possible reaction products side by side. Under some circumstances 
it is very difficult to detect ‘‘side or by-products” alongside of the main 
products, even when present in fairly large amounts; and when, as may 
well happen, the primarily to be expected by-products suffer secondary 
transformations, this task becomes more difficult still. Every practically 
working organic chemist indeed knows full well that the formation of by- 
products is by no means an exception but rather the rule, and that it is 
only in rare cases that a reaction proceeds completely in only a single 
direction. How primitive nevertheless for a long time were the conceptions 
of some investigators as to the concurrent running of reactions follows from 
a remark made by HENRY in 1903 1°: “Ifa reaction proceeds with energy, Le. 
energetically (i.e. if it ‘really goes’’), then it is characteristic that it proceeds 
in only a single direction, and consequently yields only a single product” 1°*. 

If then a molecule is so constructed, that the groups contained therein, 
and which by experience are known to be in general reactive, undergo their 
normal reactions either not at all or only very slowly, then such reactions 
as are otherwise not observed may come to predominate. In this way, for 
example, can be explained the above mentioned smooth course of the fission 
of one carbon—carbon bond in fenchone by means of alkali hydroxide. 
The majority of the ketones react with alkali in such a way that two mole- 
cules unite together under the loss of a molecule of water, as in the case 
of the formation of mesityl oxide from acetone. 


os | ZO 

A 2 4 

CH,—C—CH, +'0=C(CH,), = CH,—C—CH=C(CH,), + 1,0. 

In fenchone, however, there is no reactive methylene next to the carbonyl 
10 |, Henry, Bull. Acad. Roy. Belgique, (1903) 397. 


10a [s it not almost more likely that violent reactions tend to lead toa greater variety 
of products? F. H. R. 
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group, which is necessary to activate this reaction, so that in this case the 
otherwise not observed, or at the most a side fission reaction 14, becomes 
practically the exclusive principal reaction. 1: loam 

The applicability of the principle of substitution is therefore based on 
the fact that the reaction-velocities of the individual atomic bondings are 
frequently quite different with respect to the different reagents, and that 
one certain reaction tends to attack a certain type of atomic bonding with 
a preferentially great reaction-velocity. The carbon—carbon . bond is 
characterized by a special stability with respect to the most varied kinds 
of attack. Usually it is very resistant toward hydrolytic influences; halogen 
usually does not attack it, since it more rapidly replaces the hydrogen in 
the C—H-bonds. Oxidations likewise in general occur more rapidly on a 
C—H-bond, unless the carbon atom is already joined to oxygen. This-inertia 
to reaction on the part of the carbon-carbon bond makes structure-determi- 
nation possible; in general we have in the carbon skeleton of the molecule 
a not absolutely, but nevertheless a relatively, stable and inert structure. 
Still more than for the carbon skeleton of the aliphatic and alicyclic com- 
pounds, this is true for the ring structure of the benzene derivatives, the 
stability of which very markedly lightens the task of the determination of 
the structure and constitution of such naturally occurring organic compounds 
as contain this ring, for the degradation reactions used usually leave this 
ring intact. 

Other bonds that occur in organic compounds are usually attacked more 
readily than are those of the simple carbon compounds unweakend by 
oxidation. In part they are very specifically “tuned” to certain specific 
reagents. The mastery of the rules that hold here, and which are founded 
purely on the previous laboratory experience of many chemists, leads the 
organic chemist to success in the determination of the structure of substances 
both by means of degradation as well as by synthesis. Even when a molecule 
contains several like bonds that are attacked with not very dissimilar 
velocities of reaction, a determination of the constitution is possible, for 
the reaction products formed side by side can be separated, at least in 
principle, on the basis of their physical properties, or, if necessary, also on 
the basis of differences in their own reaction velocities. 
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Difficulties in the determination of constitution can be foreseen in the cases 
of molecules in which several reactive groups are attached to carbon atoms 


1 OQ. WaLtacn, Ann., 369 (1909) 99. In spite of the methylene group adjacent 
to the carbonyl group in camphor, this substance shows no tendency toward self- 
condensation ; hence in this vase too, the fission reaction takes place smoothly. 
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linked by bonds which enter into the types of reactions usually used in the 
determination of constitution. Of the two types of reactions,—substitutions 
and additions to multiple bonds,—let us first consider the substitution 
reactions. Such substitution reactions as according to experience take place 
by a double exchange between two molecules, i.e. as mtermolecular reactions, 
can naturally also be conceived as intramolecular reactions. Thus for example 
the alcoholic fractions of two different esters may be exchanged from the 
molecules of the one to the other, especially under the influence of hydroxy] 
ion or of hydrogen ion as the catalyst !; 


CH,—COOC,H, + C,H,COOCH, <= CH,COOCH, + C,H,;COOC,H;, 
CH,—COOC,H, + CH,I <= CH,COOCH, + C,H,I. 


Or, similarly, a mixture of an acid with the ester of another acid may 
react in solvents in which the acid splits off the catalytically acting hydrogen 
ions to yield a mixture of both acids and their two esters; 


CH,COOH + C,H,COOC,H,; = C,H;—COOH + CH;COOC,H,. 


In quite analogous manner, such an ester-interchange may also take place 
between an alcohol and the ester of another alcohol, especially in the pres- 
ence of hydrogen ion or hydroxyl ion: 


CH,COOC,H, + CH,OH = CH,COOCH, + C,H;OH. 


In case the groups which in these two examples were contained in different 
molecules happen all to be present in the same molecule, then the exchange- 
reaction amounts to an isomerization, unless by chance the molecule should 
happen to be symmetrically constructed in so far as the exchanging groups 
are concerned, as is, for example, the case in glycol monoacetate. It will now 
depend on the velocity of the intramolecular exchange whether the isomeric 
substances to be expected, on the basis of theoretical considerations, can 
actually be obtained in the pure state, or only in the ratio of a dynamic 
equilibrium, and whether, in the case of the isolation of homogeneous com- 
pounds, determinations of their constitutions are also possible. 

If one attempts to carry out such a determination of constitution under 
experimental conditions in which an intramolecular migration of the groups 
is possible, i.e. for example by reactions in acid or alkaline solutions, in the 
case of a compound which simultaneously contains both an alcoholic 
hydroxyl and an ester group, as for example, 


12 [. CLAISEN, Ber., 20 (1887) 646; T. PURDIE, Ber., 20 (1887) 1555; T. PURDIE 
and W. MARSHALL, J. Chem. Soc., 53 (1887) 391; Emit FiscHER and M. BERGMANN, 


Ber., 52 (1919) 830. 
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CH,—CH—OOC—CH, 
C,H,-CH—OH 


then we can expect a usable or satisfactory result only when the bimolecular 
substitution reaction used is considerably faster than the monomolecular 
isomerization. For the latter we must expect relatively great velocities, 
if the exchangeable groups can frequently come into a position within the 
molecule favorable to reaction, i.e. into spatially neighboring positions. 
Then we will obtain mixtures even from a homogeneous compound, or, 
if the differences in the velocities of the bimolecular substitutions for the 
two readily inter-transformable isomers are considerable, we will obtain 
practically only the derivatives of the more rapidly reacting isomer. This 
isomer need not be the same one as seems to be preferred as the more stable 
in the isomerization-equilibrium (in fact the contrary is perhaps more likely 
(IF. H. R.)). If a substitution reaction proceeds via several, individually 
not recognized, steps, it must furthermore be taken into account that the 
intermediate forms of the molecule may suffer isomerizations by exchange 
of groups, of a type not recognized on the initial substances. 

For these reasons then, the principles of structure-determination may 
fail already in the case of quite simple compounds. As soon as the possi- 
bility of an intramolecular isomerization is given, the principle of the least 
possible structure-change in a chemical reaction need no longer hold. If in 
spite of this a determination of structure is to be carried out by chemical 
methods, it is necessary very critically to choose such substitution-reactions 
for which it may be assumed that under the experimental conditions chosen 
the bimolecular substitution-reaction will proceed many times faster than 
the intramolecular substitution reaction. 

As an example of such a reliable determination of structure, in which 
the bimolecular substitution reaction proceeds very rapidly as compared 
with the also conceivable isomerization reaction, we may mention the 
stepwise esterification of glycerin as carried out by Emil Fischer. 

Glycerin, = glycerol = 1,2,3-trihydroxypropane, reacts with acetone in 
the presence of hydrogen ion as a catalyst to give a cyclic acetal, a so-called 
“acetone compound’’, the C—O-bonds of which, designated in the following 
system of formulas as readily split bonds by means of dotted lines, are 
readily split hydrolytically in acid solutions 13, That the acetone in this 
case occupies the positions of two hydroxyls on neighboring carbon atoms 
follows from a comparison with other diols: thus for example 1,3-di-hydroxy- 


8 As the formulas show, the fission of the oxygen is assumed to take place away 
from the carbon atom of the acetone and not from the C-atoms bearing the hydroxyl 
groups. The proof for the correctness of this assumption will be given later on (See 
PP. 543—544). 
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propane, in contrast to 1,2-dihydroxy-propane, is not able to form an 
acetone compound 4. 


H,C—O.-—-H H,C—O.--- H 
/ el | 

H—C—0O-—.H CH, ig2- \H=G=—0. CH, + H,O. 
i O=c~ 3 <— | aul 3 2 

H,C—O-.-H PeGH? H,C—0— “GH, 


Acetone-glycerol 


In this acetone compound the still free hydroxyl can be esterified by 
means of acetyl chloride in pyridine solution. 


feet Cl---OCH, H,C—O---COCH, Hy Ja 
+ pyridine | eo 
| apie olay! Ieemh En Ba: echt cae 
5 Res 0 cella’ of eB fcO CH a ge 
Acetyl-2, 3-acetone- Pyridine 
glycerol hydrochloride 
No dissolution or fission of the acetal C----- O-bond need be feared 


in this case, for experience has shown that this bond is split with a measur- 
able velocity only in acid, but not in alkaline or in pyridine, solutions. 
In the action of hydroxyl ion as a catalyst, therefore, the O----- C=0- 
bond on the acetyl residue will be broken off more rapidly than the 


O.---: Ces: O-bonds of the acetone moiety, and thus the compound 
glycerol-acetone is re-obtained. With hydrogen ion as the catalyst, however, 
the O----: C-bond of the ester group will be attacked much more slowly 
than will the acetal-like O-----: Gaeaey O-bonds, and hence we obtain 
mono-acetyl-glycerol: 
ra a Peo ara Har CO—CH, 
sa 
Been. CCH, tem HCO. i. + (CH,),C=O 
| LL +H, | 
HOsOr CH, 5 Be De ana 


Conversely, this latter substance can in acid solution again be reconverted 
into the acetone compound. Using stearyl chloride in pyridine solution, 
acetylglycerol yields an acetyl-di-stearyl-glycerol : 


Bie0 +: CO—CH H,G6—0+4C0+-CH 
s oat 25 tol © EE eh = if : 
H—C—O H + - pyridine --—————— H—C—O CO—C,,Hs; 

| 3GO.8aH 
H,C—O--.--H Jp lahig Feast ee H,C—O--CO—C,,H,s. 


144 Emit FIscHeR, Ber., 53 (1920) 1621. 
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In this transformation it would also be conceivable that an intramolecular 
migration of the acetyl group to the middle carbon atom took place. But 
the substitution reaction actually used,—esterification of an alcoholic 
hydroxyl group by means of an acid chloride in pyridine solution,——is known 
from experience to run very rapidly indeed; on the other hand, ester-inter- 
changes in pyridine proceed very slowly, and hence presumably the acetyl- 
glycerol does not isomerize in pyridine solution at any measurable velocity 
These considerations justify us in concluding that in this case the principle 
of substitution may be considered as valid, and that the esterification has 
proceeded by a normal route. 

As an example of an unreliable determination of structure, we may cite 
the preparation of 1-hydroxy-2-chloro-propane from 1-chloro-2-hydroxy- 
propane (propylene-chlorhydrin) as recommended by HENry ”. 

Henry intends to start with 1-chloro-2-hydroxy-propane,—the prepara- 
tion of which in a pure state is of course not quite so simple as he assumes, 
since in all methods of preparation some 1-hydroxy-2-chloro-propane 1° is 
also formed,—and wishes to subject this to the following course of reactions 
(in which under the given experimental conditions the labile bonds are 
again indicated and emphasized by dotted lines): 


ore CH, 
G)t SHC OMe. ee USCS Oat Re 


H0s-2Cl KO COGH. HC Oia CORE 


CH, CH, 
(2) Hd O-—.H 4+ HCl = HC Cl + H,O 
HC fie GOGH Aa He Oc -eeOGHs 
CH, CH, 
(3) Hd Cl+CH,OH = u_¢ CL». + CH,COOGH:. 
H,¢ O04 GOCH: He Cante eH 


In reality, however, as a carefully carried-out investigation by L. Smiru 1” 
has shown, this course of reactions yields’ almost pure starting material, 
1-chloro-2-hydroxy-propane. 

After the discussion above, this result can not surprise us. For in the 
second step of the above series of reactions it is assumed that an intramole- 
cular ester-interchange is excluded, while in the third step such an exchange 


16 L, Henry, Bull. Acad. Roy. Belgique, (1903) 307. 


° L. Situ, Z. physikal. Chem., 92 (1918) 717: coud : 
1” L, Situ, loc. cit. ( ) 717; 93 (1918) 59; 95 (1920) 66. 
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esterification between two molecules of the same kind is assumed to take 
place 3. 

A further example for an intramolecular exchange of reactive functional 
groups is furnished by the two isomeric camphoric acid monomethy] esters, 
the constitution and configuration of which,—as derivatives of the same 
d-cis-camphoric acid,—have been established definitely on the basis of the 
formation from the acid, and re-saponification back to the acid ?%: 








H H 
C c 
ee ae Baling a 
> aan = 
H.C COOCH, H,C COOH 
pete (cH, pai tee CH )2 
HC COOH H,C | COOCH, 
aN exh Bayt 
CH, CH, 
I II 
“orvtho’’-Ester, m.p. 77°C. “allo’’-Ester, m.p. 86°C, 


When treated with thionyl chloride, followed by interaction with methyl 
zinc iodide, both esters yield the same ketone ”°, 





H 
a 
Bo hts O 
eg 
SOCI, Chev nl eatl ond of 
—_—__—> —__—_———> 
Tor II | Cer(GHy, 
f vine H.C | COOCH,. 
“allo’’-Ester 
II, 86°C. pies as 
GH; 


18 Henry on the other hand expressly emphasizes that one is justified in assuming 
the stability of the molecular structure, that the substituent therefore goes to occupy 
the position occupied by its predecessor with a maintainance of the relationships 
of the mutual bonds! He is so convinced of the validity of the principle of substitution 
that he is satisfied with an unusually superficial and careless characterization of his 
supposed 1-hydroxy-2-chloro-propane. How deeply ingrained oft-times is this belief 
in the unrestricted validity of the principle of substitution follows from the fact 
that as late as 1919 Emit FiscHEerR was forced to point out the general validity of 
ester-interchange reactions (Ber., 53 (1920) 1636). Compare also K. HOESCH in “Emil 
Fischer’ (Special number of the Ber., 1921) who refers to a ‘new breach in the firm 
fortress” of our conceptions of substitution reactions (p. 470). 

1 J. W. Brtur and R. BRAUNSCHWEIG, Ber., 25 (1892) 1806. For the assignment 
of the formulas respectively to the “‘ortho’’ and the ‘allo’ esters, see: J. BREDT, 
Chem. Ztg., 20 (1896) 343; Verhandl. d. Gesell. deutsch. Naturf. u. Arzte, II, 1 
(1896) 127; J. prakt. Chem. (2), 95 (1917) 73; R. Anscut1z, Ber., 30 (1897) 2654. 

% MUHAMMAD QuprRat-I-Kuupa, J. Chem. Soc., (1930) 206. Compare also J. BREDT, 
J. prakt. Chem. (2), 133 (1932) 89. On the basis of his own experimental results KHUDA 
doubts the correctness of BRUHL’s formulas for the esters, and considers the substances 
to be diastereo-isomers with the structure of the allo-ester; he sees therefore in the 
one ester a derivative of the cis-, in the other a derivative of the tvans-camphoric acid, 
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By decomposition of the first formed acid chloride by water, there is 
always formed, regardless of whether the one or the other ester has served 
as the starting material, the same allo-ester melting at 86° C. Corresponding 
to the small reaction-velocity quite generally exhibited by a carbalkoxyl 
group attached to a quaternary carbon atom, while similarly built acid 
chlorides do not exhibit a similar inertia to reaction, it is just this direction 
of intramolecular group-exchange that we ought to expect. 

Further examples of intramolecular ester-interchange between the ester 
group and the hydroxyl group are to be found in the case of the polyphenol 
carboxylic acids ??. 

Thus for example m,m’-diacetyl-p-benzoyl-gallic acid prepared according 
to the reactions; 


CH,CO—O CH;CO—O, 
; ’ 
HO-< — COOH # + C,H,COCI = pace se + HCl, 
= 


CH,CO—_O CH,CO—O 


when subjected to hydrolysis under mild conditions in the presence of low 
concentrations of H or OH’ions, yields m’-benzoyl-gallic acid, 


This means that he believes that a change in configuration on the above center of 
asymmetry is more likely than an exchange of groups,—an indication of how unusual 
such an exchange strikes chemists even today,—and at the same time an indication 
of how the stability of the spatial configuration on an asymmetry center is underestim- 
ated. According to all analogies this spatial arrangement is, at least under the experi- 
mental conditions used by BRUHL, an exceedingly stable one (Compare also This Vol. 
pp. 503-504, without the phenyl adjacent to the carboxyl). 

21 Emit FISCHER, Ber., 51 (1918) 45; q.v. for further literature. 

22 The completely valid proof for the structure of this compound was carried out 
by E. FiscHER and O. PFEFFER, Ann., 389 (1912) 198: 


CH,CO—O—\-, 
HO’ ipa + 2CH,N, = —————————_» 
‘gimMad tock in ether solution 


CH=cOno=es 


CH,O—< __ >-COOCH, 
CH.CO=02 


whereby the unreactive methoxy group, CH,Q—, which as shown by experience 
does not react in further conversions, is introduced into the molecule. By treatment 
with water, followed by thermal fission of CO,, 


HOS Heating HO——— 
Ey CHO—< COOH —> cHO—< > ; 
nO —CO, HO = 


p-Methoxygallic acid 2-Methoxyresorcinol 








we obtain a 2-methoxy-resorcinol, which with phthalic anhydride yields a fluorescein ,— 
a reaction possible only with resorcinol derivatives with a free hydroxyl group in the 
m-position (GRAEBE, Ber., 36 (1903) 216) 
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C,H; CO—O—, C,H, CO—O —__ 
CH,COCI eer 
HO coon 3 CH,CO—O—< coon 
ae CH.CO-0=— 
m-Benzoyl-gallic acid m,p-Diacetyl-m’-benzoyl-gallic acid. 


which on reacetylation yields m,p-di-acetyl-m’-benzoyl-gallic acid, isomeric 
with the starting material. 

As already explained above, a rearrangement in the reaction with the 
acid chloride is a priort very unlikely since in general the O—H-bonds react 
rapidly with the acid chloride type of bound chlorine. On the other hand 
hydrogen and hydroxyl ions accelerate the saponification as well as the 
ester-interchange reactions, and in the case of the close proximity of the 
two substituents in the ortho-position the probability of an intramolecular 
exchange of the groups seems to be increased, all the more so as the special 
force-effects, which can not be expressed by this type of formulas, of the 
atoms not in direct union may exert their own additional influence. Groups 
that stand relatively to each other in meta or para positions do not exchange 
places, since because of their spatial arrangement they are not able to ap- 
proach sufficiently close to one another for this reaction to take place. 

Less comprehensible than the examples already mentioned are the rela- 
tionships in another stepwise esterification of glycerol, somewhat different 
from that mentioned on p. 253, but also carried out by Emit FIscHER. 
This esterification involves the following sequence of reactions: 


HL. Cea (x) HC 2a 

HC—O.-H ClCO-C,,H,, in quinoline HC—O--.--CO-C,,Hys 
% ——> | 

H,C—0O--.-H, Cl-CO-C,,H,,. solution HC OM CO-Cr Hy 


(2) H,C—O—CO.C,,H;; ( 
boiling with | 3) | 
AgNO, in HC—OH CH,-COCI in HC—O—CO.-CH, 
er? wiegii puis sant» | 
alcohol solution H,C—O—CO-C,,H,;;  pyridinesolution H,C—O—CO.C,,H,; . 


H,C—O—CO.C,,H,; 


Isomer of the compound 
previously obtained from 
1-acetyl-glycerol (See p. 253). 


In the reactions (1) and (3) again, no migration of the groups is to be 
expected. The course of reaction (2) can not however be followed in its 
details. Hence it is not necessary here to assume a reversible transformation 
of the distearyl iodide according to, 


t-Iodide = 2-Iodide, 


followed by a normal substitution of the 2-iodide, but we may also consider 
the possibility of an isomerization of the intermediate forms of the molecule 
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formed by elimination of the iodine,—whether these be in principle isolatable 
compounds such as the nitrous acid esters, or high-energy, non-isolatable, 
intermediate stages of the transformation-process. 

Still many other reactions may be set alongside of those already cited, 
of which we shall cite yet the acyl migration from oxygen to nitrogen, 
studied in such detail by von AuwERs *8, as well as the rearrangement of 
the chlorides of dibasic acids as clarified by Orr **. 

On reduction by means of zinc and hydrochloric acid, o-nitro-O-benzoyl- 
phenol (o-nitrophenylbenzoate) yields not the o-amino-O-benzoyl-phenol 
expected, but instead the isomeric o-N-benzoyl-amino-phenol *°: 


NO, NH—CO.-C,H, 
—_> 
mci GOCE OL 


In the case of the o-nitro-O-carboethoxy-phenol of analogous structure, the 
isomerization reaction proceeds more slowly, so that by working carefully 
at 0° C, it is possible to isolate the normal product, and then subsequently 
cause it to undergo isomerization **: 


H 


NO NH "it 
uihndie reduction . e Oe Cae 
he atv o°G = ae TEC 
6 6 o5c in, — re eel el ond she OH 
| 


| 
O O 





Whether or not the normal reaction product can be isolated in such 
cases depends on the ratio of the reaction velocities in which the two steps 
of the reaction take place 7° (as well as upon the magnitude of the absolute 
reaction velocities. F. H. R.). 

Of and by itself the exchange or migration of the acyl group from the 
phenol hydroxyl to the amino group offers nothing particularly new, for 
it has long been known as a bimolecular reaction, and was once even 
recommended as a method for the preparation of anilides?7?*, as forexample: 


C,H,;NH, + C,H;—O—COCH, = C,H,;NH-COCH, + C,H,OH. 


Under some circumstances, the acyl group may also migrate in the 
opposite direction, from the nitrogen to the oxygen 2®; such migrations 


, 


*8 The complete literature on this subject has been compiled by Emit FIscHER 


and M., BERGMANN, Ber., 51 (1918) 52. 
a? ES, Ort, Anand 30% (19T2) 24 5, 
2° W. BétTcHER, Ber., 16 (1883) 629. 
J. H. Ransom, Ber., 33 (1900) 199. 
Cu. Lautu, Bull. Soc. Chim. France (2), 3 (1865) 164. 
** Cu. Laut, Ann. 136 (1865) 356. 
K. von Auwers, E. HILiicEer and E. WuLrF, Ann., 429 (1922) 214. 
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occur also in the case of aliphatic amino-alcohols *°. If two different acyl 
groups are present at the same time in the same ortho-amino-phenol, then 
such a diacyl-o-amino-phenol may undergo an intramolecular exchange of 
these two acyl groups *!. 

Another group of examples which shows how much the ratio in the velo- 
cities of the intramolecular and the bimolecular reactions may be shifted 
by small changes in constitution is furnished by the reductions of those 
azocompounds which also contain the labile acyl phenol bond in one benzene 
ring, and which are thus able to acylate an amino-nitrogen **. The compounds: 


on a Se | (or Cat 


6 Ac etc., 


on reduction with zinc dust and acetic acid yield N-acyl-hydrazo derivatives 
such as, 


SO fe E 


When substances of exactly the same structure, but with some other 
substituent R on any position of the benzene ring, or with a Cl, OC,H;, 
COOC,H;(= X) in place of the methyl group: 


CH, 
i) 
> > Cee dDeen e Cann 
One OAc 


(where R is a substituent in any of the vacant positions on the ring) 


are reduced in the same way, the acyl group does not migrate. 
In the case of the chlorides of the aipeets acids which contain the reactive 


bonds, 
Ons kas Cland..C=Q} 


30 M. BERGMANN, E. Branp and F. DREYER, Ber., 54 (1921) 938, 940. 

31 F, Beit, J. Chem. Soc., (1931) 2962. or 

32 K. vy. Auwers and M. Ecxarpt, Amn., 359 (1908) 336; 305 (1909) 278, 291; 
K. v. AuwErs, Ber., 47 (1914) 1297. 
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it is possible to control the experimental conditions under which an intra- 
molecular rearrangement takes place 8, As examples let us select the 
derivatives of phthalic acid, the symmetrical normal phthaloyl dichloride 
and the unsymmetrical dichlorophthalide. In their purest form, both are 
quite stable substances. Hydrogen chloride does however effect a rearrange- 
ment of the unsymmetrical into the symmetrical chloride, while aluminium 
chloride produces a rearrangement in the opposite direction, because with 
the unsymmetrical chloride present in equilibrium it forms a stable complex 
compound, which on careful decomposition with ice-water then yields the 
unsymmetrical chloride: 





O Ch... Cl 
A l ia oa 
Bing. AICl, Gx Ss 
————__> O 
<— 
pel H Go) 
“SO | 
O 
Phthaloyl chloride, m.p. 15-16° Dichlorophthalide, m.p. 88-89° 
(symmetrical chloride) (unsymmetrical chloride). 


In the end-effect, the dichlorophthalide gives all the reactions of a true 
acid chloride; with methyl alcohol it forms dimethyl phthalate (phthalic 
acid dimethyl ester) ; with aniline the phthalic acid dianilide. These reactions, 
in which hydrogen chloride is liberated, proceed, however, very slowly, 
while, on the other hand, the normal (sym.) phthaloyl chloride reacts very 
rapidly. The velocity of these reactions of the dichlorophthalide is governed 
by its own velocity of isomerization, which is smaller than the velocity of 
reaction of the phthaloyl chloride. It is hence clear that we are dealing 
with the reaction-sequence: 





V 
ne slow cocl 
Gee aie oS 
Los reaction 
_ at GROG 
| 
O 
COOCH: 
: 2CH,OH rapid 
He Ch 6) ean : 
\coocn, 


* E. Ort, Ann., 392 (1912) 245. 


774 INTRAMOLECULAR SUBSTITUTIONS 261 


On treatment with aluminium chloride, on the other hand, phthaloyl 
chloride reacts as if it were the dichlorophthalide *4, 


y, ie C,H; 
COCcl Ge cK 
AIC] se: 
| niin Sia gts + 2C,H, | Pe + 2HCl. 
coc! pe ae Scag ae eae 
| | 
O O 


Since it has been known for a long time already that halogen atoms can 
migrate under the influence of aluminium halides—thus, for example; 


; AIBr, . 
n-propyl bromide —-—> iso-propyl bromide *, 


it was likewise known very early that reactions involving the use of alumin- 
ium chloride could not be used in the establishment of constitution *. 
In this case then, an unobjectionable decision as to the constitution of the 
two chlorides can be made on the basis of chemical methods, for the 
experimental conditions under which isomerization occurs are exactly 
known. The choice of formulas thus made is then further confirmed by the 
comparison of the physical properties of the two isomers *’. 

Analogous to the intramolecular rearrangement of the acid chlorides in 
certain respects for the case of bimolecular ‘rearrangement’ or exchange 
reactions, are the reactions of oxalyl chloride and of phosgene with certain 
suitable ketones: 


(C,H,)g>C=O + C1,0,C, = (C.Hy)g>CCl, + CO + CO,, 
(C,H,)a>C=O +Cl>C=O = (C,H,)g>CCl + CO,. 


A corresponding rearrangement taken place also in the case of tetra- 
chlorophthalane, which is partly transformed on distillation, and indeed 
to a small extent even on melting,—as shown by the rather wide boiling 


34 A von BAEYER, Ann., 202 (1880) 50. 

85 A Krexu.éand H. Scurorter, Ber., 12 (1879) 2279; compare also G. GUSTAVSON, 
Ber., 11 (1878) 1251. 

36 J), VORLANDER, Ber., 30 (1897) 2268. 

37 Most recently by K. von AUWERS and M. Scumipt, Ber., 46 (1913) 457; also 
J. ScHErBerR, Ber., 46 (1913) 2366, and many others. 
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range and not very sharp melting point,—into benzotrichloride-o-carboxylic | 
acid chloride *8, 


Ae 
ia eh POSS SOI 
O ae 3 
—> aan es | 
ye be 
Cc 6 
CE Sel 
M.p. 85—86° M.p. 43°. 


At 120° C, equilibrium is established within a few hours, with 27.5 % of 
the acid chloride form present °°; the point of equilibrium varies with the 
temperature. In the absence of catalysts the rate of establishment of the 
equilibrium at ordinary temperatures is too small to be measurable, either 
in solution or in the crystalline state. 

The proofs for the constitutions of the two isomers *® have been carried 
out by physical methods, by measurement of the light-absorption, which 
enables one to make a comparison of the two phthaloyl chlorides, as well as 
by chemical methods; the lower melting form reacts with aniline as well as 
with methanol many times as fast as does the higher melting form, and must 
hence be the acid chloride form, even though the reaction velocity is, due _ 
to the presence of the ortho—CCl,-group, considerably smaller than for | 
benzoyl chloride. For a discussion of such steric-hindrance effects see This 
Text, Vol. II, Book IV, Chapter XIX. 

The reactions here cited ought to suffice to show that a displacement of 
groups within the molecule can take place on bonds whose susceptibility 
to attack under certain experimental conditions is already known from 
bimolecular transformations. Whether the intramolecular exchange of the 
groups proceeds in detail just as does an exchange of the same groups in 
a bimolecular reaction, or whether under certain circumstances high-energy 
or activated intermediate forms of one and the same molecule, which 
perhaps do not occur in the case of bimolecular reactions, are or are not 
important for the course of the rearrangement reaction :—these are questions 
of another kind which become significant, and answerable, only when we 
come to consider and treat of the quantitative relations between constitution 


*8 E. VONGERICHTEN, Ber., 13 (1880) 417, left the question of assignment of structure 
open, because each of the two isomers reacts in the sense of each of the formulas. While 
A. Hatter and A. Guyot, Bull. Soc. Chim. France 3, 17 (1897) 873, as well as R. An- 
SCHUTZ et al. (Compare RICHTER-ANSCHUTZ, Organ. Chemie, 11th edition, Vol. II, p. 345, 
Bonn, 1913) (See also 12th edition, translated by Tay Lor et al., Vol. III, Pp. 385) believed 
that they were able to establish the actual structures, they were mistaken. 

$9 Emit Ort, Ber., 55 (1922) 2108. 


OO LE 
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and reaction-velocity. For the time being, therefore, it seems just as idle 
to search for any formal or formula-like expressions for such intramolecular 
exchange-reactions as it is for the double decompositions that occur between 
two different molecules. 

Here it is important first of all to recognize that on the basis of our 
experience with bimolecular transformations it is possible to arrive at 
conclusions as to the possible isomerizations of a molecule which have 
taken place either spontaneously or in the course of certain transformation- 
reactions. The isomerizations considered above could all be referred back 
to intramolecular substitution processes. 

A number of reactions which have usually been cited as examples for 
in themselves mysterious and unsolved intramolecular transformations 
have, in all probability, taken quite strictly, nothing to do with these. 
Among them are, for example, the following transformations *°: 

a) Phenyl-sulfamic acid into o- or p-amino-benzene-sulfonic acid *: 


SO.H 
heated Pra 3 
C,H,;-NH-SO,H Coa oH, 


b) Aromatic nitro-amines into o- and #-nitro-anilines *: 


glacial acetic 
. Kt NO, acid —NH, (NH 
\/ Gp REPO AR OL DR 


in H,SO, 


40 Numerous further examples cited in F. HEnricu, “Theories of Organic Chemistry”’, 
5th edition, pp. 432 etc. (English translation by T. B. Jounston and D. A. HAHN, 
PPp- 494-551), can readily also be included herein. 

41 —, BAMBERGER and J. Kunz, Ber., 30 (1897) 2275. 

42 E. BAMBERGER and K. LANDSTEINER, Ber., 26 (1893) 490; E. BAMBERGER, Ber,, 
30 (1897) 1253. Compare also A. F. HoL_eMAN, Ber., 44 (1911) 724. On the other hand 
A. E. BRADFIELD and K. J. P. ORTON (J. Chem. Soc., (1929) 915) find that when the re- 
action is catalyzed bya great excess of acid it proceeds as a reaction of the first order, and 
therefore conclude that the rearrangement is in the main an intramolecular process 
which “‘plays the important part’’. On the other hand, they find however that migra- 
tions of the nitro group to another aniline ving also take place. This latter discovery 
points unequivocally to an intermolecular reaction. Such a reaction could also obey 
a first order law if it proceeded stepwise, and the slowest of the intermediate steps, 
as for example the decomposition of a complex formed prior to the actual final ae 
stitution (for such complexes in the case of substituted anilines with nitro-compounds 
see p. 161), took place as a reaction of the first order. Compare Chapter X, pp. 710, ge 
E. D. Hucues and G.T. Jones, J. Chem. Soc., (1950) 2678, express themselves RE 
the following reasons, among others, as favoring an intramolecular reaction mechanism: 
In a number of cases no HNO, or NO; formed according to the scheme ach a 
H,O° = RNH, + HNO;,, or R-NHNO, +H’ = RNH, + NO;, and which might ac 
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c) Aromatic nitroso-amines into #-nitroso-anilines *: 


==) H 
| : O=N— | 
N best with HCl in N 
alcohol or 
oo 
St glacial acetic acid ; 


Diphenyl-N-nitroso-amine p-Nitroso-diphenylamine 


d) Acylated phenols into o- and #-hydroxy-ketones when treated with 


zinc chloride or aluminium chloride (Fries migration) **: 


()-0—cock, Sit —OH ;-O# 
sus. AICI, —=—COGH, si Hale. 


Phenyl acetate o-Hydroxy-acetophenone p-Hydroxy-acetophenone 
or o-acetyl-phenol or p-acetyl-phenol. 


In all probability the effect of aluminium chloride is due to complex-for- 
mation on the phenol oxygen. This increases the polarity of the O—C-bond, 
and thereby facilitates the loosening of the acyl group *. 

The circumstance that in such transformations not only the o- but also 
the p-derivatives are formed gives rise to the thought that they should not 
be considered as true intramolecular transformations. In the case of the 
FRIES migration it has even been proved that under some circumstances the 
Para-compound is formed principally at first, and then rearranges into 
the ortho-compound. Thus if the rearrangement of phenyl acetate is 
carried out by means of aluminium chloride in petroleum ether solution 
at 50°C, and the reaction-mixture is worked up after standing for only 
one day, the product consists of about 20 % Yearranged material, of 
which 3—8 % is ortho-, and 10—15 % para-hydroxy-acetophenone. If on the 


as a nitrating agent in an intramolecular reaction, can be detected. Furthermore, in 
those cases in which HNO, is formed, as in the rearrangement of 2,4-dinitrophenyl- 
methyl-nitramine, it nitrates more slowly than corresponds to the rate of the rear- 
rangement. For the possibility of bringing the various seemingly contradictory view- 
points under one hat or common viewpoint, see This Text, p. 266. 

“8 O. FISCHER and E. Hepp, Ber., 19 (1886) 2991; 20 (1887) 1247; O. FISCHER, 
Ber., 45 (1912) 1008. 

‘4 The first observations of this type were made by: M. BraLtoprzEskr and M. 
NENCKI, Ber., 30 (1897) 1776; later by, for example, K. Frres and G., Finck, Ber., 
41 (1908) 4272, as well as many others. A comprehensive review of the subject, with 
references to the literature, was written by A. H. Bratt, Chem. Rev., 27 (1940) 413. 
For the Fries migration as induced by BFs, see, D. KAsTNER, Dissertation, Marburg 
1937, also Z. angew. Chemie, 54 (1941) 297. Also Naturforschung und Medizin in Deutsch- 
land 1939—1945 (FIAT Review of German Science) Vol. 34, Pp. 144 etc. (Theoret. 
Organic Chemistry), 


“ Battzry and A. PuILuips, J. Am. Chem. Soc., 70 (1948) 4101. 
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other hand the reaction-mixture is left standing for one month at 20° C, the 
transformation-reaction is complete, and the product consists of 80 % 
ortho-, and only 20 % para-hydroxy-acetophenone 4°. The 30° difference in 
temperature in the two methods could not possibly cause such a difference 
in the ratio of the velocities of formation of the products, so that we must 
assume that the greater part of the primarily formed #-hydroxy-acetophenone 
has actually been converted later into the o-hydroxy-acetophenone. If then 
the FRIEs migration, and the other reactions referred to above, are not to be 
assumed as intramolecular, we have still another possible way of explaining 
them. For we can also look upon the reaction as taking place by the 
exchange of the groups in a bimolecular reaction between two similar 
molecules with exchangeable groups, as for example by the following 
scheme: 


C,H,-NH-SO,H S50 
oe — Cte + C,H;NH, = 
C,H;-NH-:SO,H SNH-SO,H 
SO,H SO,H 
<4 3 es 3 
= C,H, + C,H, 
“NH, SNH, *, 


where the phenylsulfamic acid molecules act as sulfonating agents to 
convert each the other eventually into sulfanilic acid. 


Similarly, 
C,H;-NH-NO, UNO, NO NO 
+ = C,H, + C,H, NH, = CHO : aie Gli. ; 
C,H,-NH-NO, NH-NO, “NH, “NH, , 
N-nitro-aniline o- or p-Nitro-aniline 


in which the N-nitro-amine acts as a nitrating agent. Similarly we may 
conceive of a nitroso-amine acting as a nitrosating agent *’, and of an 
acylphenol as an acetylating agent *. 

In all cases the final product is isomeric with the initial substance, and 
it is impossible to recognize from its formula the manner of its formation, 
whether this was by way of a mono-molecular reaction via a true intra- 
molecular transformation, or by way of a bimolecular reaction. In principle 


46 ||. SkereEs and B. KarsEy, Gazz., 77 (1947) 471- 

47 In the “rearrangement”’ of the nitroso-amine the velocity of the reaction depends 
on the concentration; hence this reaction can not be a true intramolecular reaction. 
The nitrosating agent in this case is NOCI, which is formed from the nitroso-amine in 
the hydrochloric acid solution. P. NEBER and H. RauscHER, Amn., 550 (1942) 182. 

48 K. W. RosENMUND and W. ScHNnuRR, Amn., 460 (1928) 56. On the other hand, 
compare also, K. von AUWERS and W. Mauss, Amn., 464 (1928) 293. Using P.O; in 
place of AICl,, p-acetyl-phenyl acetate, p'CH,CO-C,H,-O-COCH,, was isolated as the 
intermediate product; A. SCHONBERG and A. MustaFa, J. Chem. Soc., (1943) 79: 
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a unique and clear-cut decision between these two possibilities should be 
possible on the basis of the time course (= Kinetics) of the reactions as 
discussed on p. 707, but up to the present time such kinetic measurements, 
for the processes here under consideration, have not been carried out because 
of the experimental difficulties involved ”. 

Finally, it is also possible that a monomolecular and a bimolecular reaction 
run simultaneously side by side, and in such a way that the formation of 
say the o-derivative is due entirely or in part to an intramolecular process, 
while that of the p-derivative is the result entirely of an intermolecular 
process. On this basis of this consideration, the various seemingly contra- 
dictory viewpoints on the rearrangements of the aromatic nitramines 
(See p. 263 footnote 42), and on the Fries migration (p. 265) can be correlated 
with one another. In the case of the rearrangement of the allyl phenyl 
ethers into the o-allyl-phenols we have such an example of the different 
type of course taken by the reaction to produce the o- and the p-deriva- 
tives respectively (See p. 400). Since, however, an allyl phenyl ether is not a 
reagent for the introduction of the allyl group into other molecules, this 
transformation can not, strictly speaking, be compared with those reactions 
here considered. 

The rearrangements of the alkyl arylethers to 0- or to p-alkylated phenols *®, 
and which take place under the influence of glacial acetic acid, sulfuric acid, 
aluminium chloride, zine chloride, or many other substances as well, likewise 
really do not belong here, for the alkyl aryl ethers are not really true alkyl- 
ating agents. Such reactions had better be considered alongside of the 
FRIEDEL-CRAFTS reaction (See Chapter X). 

Various ways and means to a solution to the problem of the mono- or 
bi-molecular course of these reactions have been tried, but all methods of 
proof so far suggested or used depend on certain assumptions the justification 
for which can not be proved with certainty. Thus, for example, in all cases here 
in question there is as yet no really valid or unobjectionable proof for the 
one or the other interpretation. The difficulties that arise in carrying through 
such proofs will be discussed further in connection with other matters, 
namely, within the framework of the general problem as to the degree of 
reasonable certainty with which the course of a reaction can in any case 


*° D. KASTNER, Z. angew. Chem., 54 (1941) 297, concludes from such experiments 
that in the case of the Fries migration induced by BF; the course of the reaction 
does obey a mono-molecular law. 

50 J. B. NrepERL and S. NaTELson, J. Am. Chem. Soc., 53 (1931) 1928; R. A. Situ, 
J. Am. Chem. Soc., 56 (1934) 717; M. M. Sprunc and E. S. Wa_tis, J. Am. Chem. Soc., 
56 (1934) 1715, among many others. The migrating alkyl may in this case suffer a 
rearrangement, but on the other hand it may also, when it is attached first to the 


oxygen, and later to the aromatic nucleus, by an asymmetric carbon atom, even retain 
part of its optical activity. 
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be described on the basis of the experimental data (Chapter X). The prob- 
lems discussed here are closely related to this question of the details of 
the course of a reaction, in so far as the problem must be posed in the same 
way for the case of bimolecular transformations known from experience as 
for the case of the intramolecular reactions that are to be considered as 
essentially of the same type. This applies equally in the case of the true 
intramolecular reactions discussed first of all, as in the case of the last 
mentioned reactions, which are probably processes that take place between 
two different molecules of the self-same substance. 

For this reason then, also, we shall not at this juncture enter further 
into a discussion of the various attempts at an explanation that have been 
made, and which seek to represent by a sequence of reactions the processes 
here designated as intramolecular substitutions, and in which, in each 
separate step, the principle of least possible structure-change is maintained. 
For at this point it is important only that one recognize the fact that on 
the basis of a knowledge of certain bimolecular reactions it is possible to 
foresee in the case of which substances or types of substances the usual 
principles of structure-determination will break down, and _ specifically 
because of an intramolecular exchange of substituent groups. The exact 
details of the manner in which this interchange of groups takes place is 
a special question, the answer to which must be practically the same, both 
for the bimolecular as well as for the intramolecular reaction which is to 
be regarded as of essentially the same type. Therefore the question of the 
course of the acyl migration reaction must be posed in the same terms 
and principles as the general question as to the course of ester-interchange 
as well as ester-formation and saponification. Since however, it is as yet 
impossible in many cases to come to any reasonably sure answers to these 
problems, they are also not considered in the division and classification 
of subject matter as made here, in order not to introduce any hypothetical 
conceptions not necessary for the problem at present of interest to us. For 
this reason then, we have here designated as substitutions simply such 
processes in which in the end-effect one group seems to be replaced by 
another group, without consideration or regard for the question of whether 
this substitution has taken place directly or whether it has been effected 
by a round-about way. 

Such a round-about way may involve a preliminary addition. Therefore 
it is entirely possible from the beginning that several of the processes here 
designated as intramolecular substitutions are essentially related to intra- 
molecular additions. As a transition to the intramolecular additions let 
us then already here give at least one example for such an explanation 
of an acyl migration which at the same time enables us to preserve for 
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every step of the process the principle of least possible structure-change. 

In the case of o-amino-benzoyl-phenol (See p. 257) nitrogen and hydrogen 
were able to add on to the carbonyl group of the benzoyl radical, so that 
with the new formation of a C—N-bond a ring or cyclic compound resulted. 
In this compound, then, the ring can now be split by hydrolysis at some 
point other than the point at which it was just closed, as for example at 
the C—O-linkage (a), and the net result is an acyl migration: 


NH, 
(aoe 
, | 


| 
oS 
ees fy. one pteliie 








(a) H,O 
NH—C—C,H Nx 
ee (c) hah hina 
bens O hee a ACH 
7 
OH Nor 
o-N-benzoyl-amino-phenol. 2-Phenyl-benz-oxazole. 


The ring-formed product assumed as an intermediate is isomeric with 
the starting material, but is for the time being only hypothetical, for as 
yet it has not been possible to isolate it. On the other hand it has been 
possible to isolate, in the case of the reduction of o-nitro-benzoyl-phenol by 
means of zinc and hydrochloric acid, a bicyclic compound, 2-phenyl- 
benz-oxazole, poorer by one molecule of water: This substance might have 
been formed by loss of water (b) from the hypothetical intermediate product 
in competition with its hydrolysis (a). This oxazole can not, however, be 
considered as an intermediate stage in the acyl-migration reaction. It is 
indeed true that this bicyclic 2-phenyl-benz-oxazole can be converted into 
the N-benzoyl-amino-phenol (c); this is however in no case the route by 
which the latter compound is formed in the acyl migration reaction. This 
is evident from the fact that the hydrolysis (c) is many times slower than 
the reduction reaction with zinc and hydrochloric acid *!, While the round- 
about route via (b) and (c) is theoretically just as conceivable as the direct 
route via (a), it is definitely excluded by these reaction-velocity considera- 
tions. Furthermore, the intramolecular acyl-exchange that has been ob- 


51 A, EINHORN and B. PFyL, Ann. 


» 311 (1900) 39—41. Compare also W. BértTcHER, 
Ber. 16 (1883) 620) { ae 
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served in the case of the diacyl-o-aminophenols *? shows that here too a 
migration may well take place by way of path (a) but not by way of (b) + (c). 
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In the case of addition reactions then, as the above pictured hypothesis 
on the stepwise course of an intramolecular substitution reaction shows, 
the relationships are in principle exactly the same as in substitution reac- 
tions. Here too we shall have to take into account the possibility of intra- 
molecular reactions leading to isomerizations, when both a double bond 
capable of undergoing an addition reaction, and a group of atoms capable 
of adding to this double bond, and held only by an easily broken linkage, 
are present within the same molecule. Consequently such molecules will 
also be able to react,—depending on the reaction-velocity-relationships of 
the intramolecular reaction to the individual transformation-reactions,— 
sometimes in the one, sometimes in the other sense. 

The most important, readily attacked, bonds that come into consideration 
for intramolecular reactions are, in the case of substitution reactions, 
the following: 

O iShe=(O, nian aha Cre (Gy (Gs; 
seeps sets 
Cl... CH, —CH=CH,; O---- CH, CH=CH, ; 
N-- CH,—CH=CH,; C---CH,—CH=CH,. 


Without the simultaneous influence of a suitably located double bond, the 
bonds CI—C, O—C, N—C, and C—C are in general quite stable. The fissions 
that start to take place on them, and which attack a carbon atom loaded 
with four singly-bound substituents, can, as shown and known by experience, 
lead under some circumstances to deep-going changes in the carbon frame- 
work. Such transformations, which can not be predicted on the basis of 
experience already made with bimolecular reactions, will form the subject 
of a special discussion (Chapter VI). 

Of the reactive, addition-capable, multiple bonds, the C=O bond deserves 
special attention above all others. The C—C-double bonds add predomi- 
nantly simple molecules such as H,, Cl,, HCl, H,SO,, HNOs; only under 
special circumstances do carbon-containing compounds add. The addition 
reactions to the C=C-bonds are frequently practically irreversible, i.e. the 
addition products are usually compounds with stable, single bonds; on 
the other hand the substances resulting from the addition to a C=O-double 


52 F, Beir, J. Chem. Soc., (1931) 2962. 
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bond can usually be readily split again into their components. The most 
important reactions coming into consideration for intramolecular additions 
may be compiled here on the basis of experimental data on bimolecular 
reactions. As a model of a reactive C=O-bond we choose the carbonyl group 
of acetaldehyde. 


Addition involving a fission of an O----- H-bond: Formation of hemi- 
acetals: 
H 
CHeeon ju 
“0.4. H--:On-GH, 5 CH ate Ob odds 
™O—CH, 
or schematically 
R,C=O 
RO—H. 


Addition involving a fission of an N----- H-bond: Formation of aldehyde 
ammonias : 


H H 
CHI=c ti => SCE aaOte Oxi. Bh 
“SO+H—NH, NH, 
or schematically 
R,C=O 
RNs 
Addition involving the fission of a C----. H-bond: Aldol condensation: 
H sha 
pa 
CH,—C H — CH,—C—O H 
SO 1p Mie lesen ares e 
SO CH,=c 
SS 
or schematically 
R,C=O 
Rica 
| 
O=C—R. 


In all these most important cases, an H-X-bond is broken, in which X 
may be O, N, or C. The C—H-bond is however sufficiently reactive to 
undergo fission as induced by addition, only under special constitutive 
peculiarities, i.e. when a carbonyl group, or in some cases also a C—N- 


or C=C-double bond, is in a neighboring position, i.e. when one of the 
following groups is present: 
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(Furthermore when the hydrogen is attached to a triply bound carbon atom, 
as in H.-.-.--- C—C —, or H::::: C==N: This case need not however be 
considered for intramolecular isomerizations). 

The breaking of bonds other than an X—H-bond occurs relatively rarely 
in the case of addition reactions. Addition reactions to C=N and N=O 
are in general of lesser importance for intramolecular isomerization; it is 
necessary to mention only the reaction of an N=O-bond with a reactive 
H—C-bond, in which case the addition reaction is usually followed by a 
subsequent splitting-out of the elements of water: 





OH H 
| flee; 
HO_N=0 4+ H-CH—C—CH, = HO—N—C-—Cc—CH, 
/ I be-all 
CH, O CH, O 





H,0 (4-°HO=N=C—cC=CH, 
| \| 


CH, O 
Diacetyl monoxime. 


The carrying-over of the reaction-possibilities mentioned between two 
molecules to the case of a single molecule in which both reactive groups 
are linked together by a carbon etc. chain signifies for this molecule a 
ring-closure. The size of the ring formed is determined by the relative 
positions of the substituents. If the reactive X—H-bond is on the atom 
adjacent to the doubly-bound carbon atom, then the intramolecular migra- 
tion of the hydrogen atom will mean the closing of a two-membered ring, i.e. 
simply formation of a new double bond accompanying the disappearance 
of the old double bond. Schematically, these processes are then represented 
by the following formulas: 


Dot 
—C=O rahe 
For n=o, we have then (CH,)n—X—-H ZZ (CH,)n >X:; 
OH OH 
eRO BOGE eee 
| aig; ae SX. 


X--H 


As to the probability of ring-closure it is possible to make only a few 
rather general predictions, based only on the strain-theory of molecules and 
molecular structure. According to this strain-theory the closure of a three- 
or of a four-membered ring requires a special supply of energy; three- or 
four-membered rings will then be formed only when the intramolecular 
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addition reaction leading to them by itself alone liberates enough energy 
this demand. 

re of the intramolecular isomerizations, of which a great many 
can be predicted on the basis of our experiences with bimolecular reactions, 
an equilibrium is established in all cases between the possible isomers. The 
position of this equilibrium is governed by the ratzo of the reaction velocities; 
the velocity with which the equilibrium becomes established, and the rates 
at which the isomers in dynamic equilibrium are converted one into the 
other, depend on the absolute values of the reaction-velocities. If the absolute 
value of the reaction-velocity in one direction of the reaction is very small, 
then the slowly transforming isomer is (more or less) stable; it can be 
obtained from the more labile form by an intramolecular transformation 
running, from a practical point of view, in only one direction, and the 
determination of its structure can be carried out by the usual methods. 
For such transformations proceeding practically in one direction only, the 
isomer with the more stable bonds is usually formed from the more labile 
one with a liberation of energy, i.e. by an exothermic reaction. Most of the 
acyl-migrations from oxygen to nitrogen are of this type; they usually 
proceed only in this one direction. Rearrangements of this type make 
structure-determination more difficult, if the more labile isomer,—the 
formation of which from another compound is expected on the basis of the 
principle of minimum structural change,—rapidly rearranges into the more 
stable isomer, so that the former can not be isolated as such. 

In the case of isomers which are rapidly transformed one into the other, 
one always obtains, as already emphasized, and regardless of the position 
of the equilibrium, predominantly the transformation-products of that 
isomer which is converted more rapidly for the reaction in question. It is 
true, however, that the substance present in greater amounts in the equili- 
brium does, because of its higher concentration, and in accord with the 
law of mass action, find some preference in the rate of transformation, but 
this advantage will find no chance of expression if the isomer at a disadvan- 
tage in the equilibrium exhibits a considerably higher velocity of reaction. 
If the isomerization proceeds more rapidly than do all other conceivable 
chemical transformations, then a structure-determination by chemical 
methods is impossible. An excellent example of this is the case of prussic 
or hydrocyanic acid *8, which in its different reactions yields varying relative 
amounts of derivatives of both the nitrile, H—C==N, and of the isonitrile, 
H—N=C, forms. Even the method of methylation by means of diazo- 
methane *4, otherwise applicable to structure-determinations, yields a mix- 


°° K.H. MEvEerR and H. Hoprr, Ber,, 54 (1921) 1709. (Compare also This Text, p. 171) 
54 A. PERATONER and F. C. PaLazzo, Gazz. Chim. Ital., 38, I (1908) 102. 
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ture of acetonitrile, CH;—C==N, and methy] isonitrile, CH,—N=C, from 
the composition of which it is however impossible to draw any valid con- 
clusions as to the relative amounts of the two corresponding forms present 
in prussic acid itself. In this case, and in other similar cases, one must resort 
to physical methods to determine the structure; in the case of prussic acid 
their use is successful, since prussic acid can be regarded as the initial mem- 
ber of both the homologous series of the nitriles as well as of the isonitriles. 
Since on the basis of its physical properties it fits in very well into the 
series of the nitriles, it must consist very predominantly of the nitrile form 
H—C==N °*°. It is not always true that such comparisons of organic com- 
pounds of simple and known structure are possible; in those other cases 
the question of the “‘constitution’’ must remain unanswered. A structural 
formula that can be tested neither by chemical nor physical experiments, 
a “reaction formula’”’ that turns out now this, now that, way, depending 
on the transformation-reactions used, is a formula that can no longer be 
considered as of any real significance as a structural formula of organic 
chemistry, which must indicate the relations of the atoms one to another, 
and is hence nothing more than a means for representing the reactions, 
just like an old formula of Berzelius. 

The phenomenon that a compound may and can react in the sense now 
of this, now of that other structural formula, has been designated, on the 
suggestion of C. Laar, as tautomerism *®. After the first observations had 
been made in this field, the importance of which was recognized especially 
by A. von BaEYER, efforts were directed toward isolating in the pure state, 
as chemical individuals, the substances represented by the various structural 
formulas, and then to study their mutual transformations independently 
of other transformations. This preparation of the isomers in a pure state 
has been achieved in numerous cases, especially after one had recognized 
the conditions under which these substances undergo transformation most 
readily, and had then learned how to eliminate such conditions. Following 
a suggestion of JACOBSON *’, this phenomenon, in which the independent 
existence of the isomers can actually be detected, is known as bond-shifting 
or desmotropism. Following Knorr °8, liquid mixtures of the isomers are 
known as allelotropic mixtures. For some time a few investigators °® believed 
that the lability of the atomic bondings ought to be represented by some 
special formulation, and based their argument for the necessity of such 


55 K. H. Meverand H. Hoprrr, Ber. 54 (1921) 1709. Compare also This Text, p. 171. 

56 C. Laar, Ber., 18 (1885) 652. 

57 P, JacoBson, Ber., 20 (1887) 1732; 21 (1888) 2628. Compare also A. HANTZSCH 
and F. HERRMANN, Ber., 20 (1887) 2802. 


58 |. Knorr, Ann., 293 (1896) 88. i. 
59 C, Laar, Ber., 18 (1885) 652; later also the English school of THORPE. 
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formulas on the failure of experiments seeking to isolate the isomeric 
substances predictable by the principles of structural chemistry. After, 
however, in the course of time, chemists were able to show that more and 
more of the supposed tautomeric compounds were really desmotropic, these 
formulas, based in the final analysis on the hypotheses of C. LaaR as to 
atomic vibrations, but which were unable to point to experimental research in 
anv direction for further studies, lost their justification. Furthermore, during 
the argument, lasting several decades, as to the structure of glutaconic 
acid °°. which must, on the basis of its structural formula, show cts-trans- 


> 


somerism, 
H—C—COOH HOOC—C—H 
—> 
H—C—CH,COOH ~_ H—C—CH,COOH 
cis-Glutaconic acid trans-Glutaconic acid, 


a carefully performed experiment *! showed that the cis-acid does actually 
exist, and thus finally solved the question in favor of the structure-chemical 
point of view, as opposed to the viewpoint of THORPE, who did not wish to 
see the “‘mobile’’ or “‘labile’’ hydrogen atom of the CH,-group, which entered 
into reaction during any chemical transformation, assigned to any particular 
atom, and therefore wrote the formula for glutaconic acid as follows: 


H—C—COOH H—C—COOH 
PA Ny 
te onal or HOC H 
c_cooH H—C—COOH. 
H 


The attempt here made to write a structural formula simultaneously as 
a reaction formula thus led astray. 

While the LAAR hypothesis of intramolecular vibrations of atoms has had 
to be abandoned as the result of experimental studies, it was nevertheless 
found later on that it did contain a grain of truth. For if in place of “‘atomic 
vibrations” we write “bond shifts’, and, what means exactly the same, 
“electron-migrations’’, then this theory does become valid for certain types 
of compounds, although it is still not ‘true for the cases considered by 
Laar. There are substances which can react in different ways, and hence 
correspond to various formulas, even though, on the basis of chemical as 
well as of physical investigations, no one of these formulas can be assigned 
to them. Their true states therefore lie somewhere between the bonding 


8° See, among others, also N. BLanp and J. F. THorpe, J. Chem. Soc., 99 (1911) 
2187, 2208; ror (1912) 871; also F. Feist, Ann., 428 (1922 25; P. VeRKADE, Rec. 
Trav. Chim., 41 (1921) 208. 

s\ R. Matacnowskl, Ber., 62 (1929) 1323. 
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expressed by the formulas; for such substances the term mesomerism 
been introduced, and this must be differentiated from the usual type 
f tautomerism. For the time being we shall neglect these cases of mesom- 
, though this phenomenon will be discussed later on (Cf. pp. 354 etc.) 

_and explain and illustrate instead the nature and essence of the phenomenon 
of tautomerism, using examples which can be represented without difficulty 
or ambiguity by means of the usual or conventional theory of structure. 


(v) TAUTOMERISM: RKING-CHAIN TAUTOMERISM 


‘The usual structural formulas of the tautomeric compounds indicate the 
lability of the bonds of these substances toward certain influences just as 
little as the structural formulas of other compounds indicate the ease of 
attack of certain positions of the molecules for the case of bimolecular 
Teactions. 

It is not possible to draw any sharp line between ‘‘reversible” intra-mole- 
cular rearrangements and the phenomena of tautomerism. It does neverthe- 
less seem useful to treat separately the markedly tautomeric substances, ie., 
those compounds that undergo rapid interconversion. They will therefore 
be discussed ahead of the processes usually considered as intramolecular 

rrangements. 

_ By and large, those intramolecular rearrangements that give rise to a 
ite tautomerism can be recognized already in the case of the correspond- 
bimolecular reactions. For in general, an equilibrium that is established 
rather readily by the exchange of certain bonds between two molecules 
is also established rather readily by the exchange of these same bonds in an 
‘intramolecular exchange. 

The classification of the cases of tautomerism is conveniently made on 
the basis of the intramolecular reactions that take place: 

_ x. Tautomerism due to intramolecular double-decomposition (substitution 
tautomerism). 

2. Tautomerism due to intramolecular addition to a multiple bond with 

the simultaneous fission of a simple bond. 

a. The bond broken by the addition reaction is not located on an atom 
adjacent to an adding atom; the result is that ring-closure takes place. 

b. The bond broken during the addition is adjacent to an adding atom; 
this is tautomerism with simultaneous shift of a double bond. 

The most important cases of substitution-tautomerism have already been 
mentioned. 
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(a) Case of the Aldehydo- and Keto- Alcohols 


Of the various types of ring-chain tautomerism, the type that is based on 
the addition of alcoholic hydroxyl to a carbonyl group is the most important, 
and also the most thoroughly investigated. Following the recommendation 
of JAcoBson ®, this type of tautomerism is called keto- or oxo-cyclo-tauto- 
merism. It involves an intramolecular hemi-acetal formation in the case 
of the aldehydo- and the keto-alcohols (hydroxy aldehydes and ketones). 
The ring-formed hemi-acetals in equilibrium with the chain-form are 
cyclic «-hydroxy ethers, in which the oxygen of the hydroxyl group forms 
the ether-bridge, while the carbonyl oxygen has been converted to a new 
hydroxyl group, in accordance with the scheme given on p. 253 for hemi- 
acetal formation, and which will be explained more fully later on (See 


Chapter VII, p. 543): 











ya ZH 
CH,—C + H-----O—CH, ~ CH,—C—OH 
| f.) | | ~O—CH, 
Chain form Ring form 
or oxo-form, or keto form or cyclo form, or cyclic form. 


The cyclic hemi-acetals are, just like the acyclic hemi-acetals, and the 
regular acetals too, readily split by the catalytic action of hydrogen ion at 
the position indicated in the formula by a dotted line; in alkaline solution 
they are similarly quite, though not absolutely, stable. 

According to the strain-theory, this oxo-cyclo-tautomerism is to be expect- 
ed above all in those aldehydo- and keto-alcohols (hydroxy-aldehydes and 
ketones) in which the carbonyl is in the y- or the 5-position to the hydroxyl 
group, for in these cases the cyclic «-hydroxy-ethers formed, known also 
for brevity as “‘lactols’’ ®°, are five- or six-membered rings, as for example: 

_OH 
CH,-CO—CH, _ | CH,—-C<CH, 
Gf di, On cer i bu,—cu,-° 
y-Acetopropyl alcohol «-Hydroxy-«-methyl-tetra- 
hydrofuran (a keto-lactol) 


H 
2 af 
Pe 
CH,—C : CH,—C—OH 
és 2 Se —> one . Dey 
CH, pecs Waa) =F O 
\\cH,—CH,OH \cu,—cH, 


$-Hydroxy-valeraldehyde «-Hydroxy-tetrahydropyran 
(an aldo-(aldehydo)-lactol) 

62 MEYER-JAcoBSON, Lehrbuch d. organischen Chemie 1, II, 887. 

*§ Since the aldo-lactols can be looked upon as reduction products of the cyclic esters, 
the lactones, which result from them on oxidation. Cf. B. HELFERICH, Ber., 58 (1925) 
1246. The keto-lactols are substituted aldo-lactols and contain a tertiary hydroxy]; there 
is no lactone corresponding to them. The etherified lactols are known as lactolides. 
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The tautomerism of the simplest y- and 3-hydroxy-aldehydes has been 
investigated by HELFERICH ®. In the cyclo-form they react with a methyl 
alcoholic solution of hydrogen chloride with methyl-etherification of the 
x-hydroxyl of the cyclic ether: 


H H 
hs ar ea Ptamatce Gis 
CH, »O +CH,OH(+HCl) = CH, O +H,O. 
CH -OH, \cH,—CH, 


In general only hydroxyls in the atom-grouping of the hemi-acetals, 
H—O—C—O~—., are subject to this type of etherification, and on the basis 
of this fact of experience it is understandable that under the experimental 
conditions chosen derivatives of the cyclic form result, for the groups 
contained in the acyclic form are not able to react at all with methyl alco- 
holic hydrogen chloride solution. The methylated compound is much more 
stable than is the non-methylated lactol, it does not show the phenomenon 
of tautomerism, so that by this means the cyclic form seems to be established. 

In the oxo-form the y- and the 3-hydroxy-aldehydes react with phenyl- 
hydrazine, with which the cyclic form can not react: 


H H 
aC + H,N—NH—C,H, HC NNEC 470% 
CH, O =) ACH 
‘\cH,—CH,OH \cH,—CH,OH 


Other reactions characteristic for a free aldehyde group, and that on the 
basis of other experience take place almost instantaneously, such as the 
red-coloration of fuchsin-sulfurous acid, and the reduction of an ammoniacal 
solution of silver nitrate, occur only slowly in the case of these substances. 
These observations indicate that the tautomerically reacting compounds 
are practically pure cyclic forms: The velocity of the reaction of the oxo- 
form is determined by the velocity of rearrangement of the cyclo- into the 
oxo-form. The reader may do well to compare this with the discussion on 
p. 260 on the reaction of dichlorophthalide in the phthaloyl chloride form 
with methyl alcohol and aniline. 

A non-ambiguous proof for a certain definite structure can be derived 
from suitable physical properties, and, in particular, from such as are 
characteristically different for the two or more structural formulas under 
consideration. In the determination of strictly physical properties every 


64 B. HeLFericu, Ber., 52 (1919) 1123; B. HELFERICH and Tu. MaLKxomes, Ber., 
55 (1922) 702; B. HELFERICH and A. RussE, Ber., 56 (1923) 759: 
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deeper attack or penetration of the framework of the molecule is avoided, 
while in the case of a chemical reaction such an attack is unavoidable by the 
very nature of the case. In the cases that can come into consideration here, 
optical properties will enable us to make a clear-cut decision; the refraction 
of light, as measured by the magnitude of the molecular refraction (Vol. II, 
Book III, Chapter XIII), and the absorption of light are characteristically 
different for such compounds as contain a C=O-double bond, as in the 
chain-form, and such compounds as contain only simple bonds, as in the 
cyclic-form. In the case of y-hydroxy-butyraldehyde, the measurements on 
the molecular refraction ® indicate that the liquid compound mixture is at 
least predominantly a compound with a ring structure; while measurements 
on the light absorption ®* of solutions of the substance in heptane, ether, 
or water indicate the presence of a few percent (about 10, 6 and 12.5 % 
resply.) of the free aldehyde in these solutions. This is in agreement with 
chemical evidence. In this way a decision as to a certain structure can always 
be reached even in those cases in which the velocities of the rearrangements 
give no clear indication. Thus in the case of 5-aceto-butyl alcohol ® there 
is no reaction that responds to the keto-carbonyl as rapidly as do the just- 
H 


mentioned reactions to the aldehyde group —cHo: we know only such 
reactions for the velocities of which we can not say whether or not they 
are greater than the velocity of isomerization. Here a decision as to an 
open-chain or a ring-form can be made only on the basis of physical proper- 
ties, and the values of the molecular refraction are an argument in favor 
of the open-chain form, . 


HO—CH,—CH,—CH,—CH,—CO—CH,, 


rather than the cyclic form, 


CH,—CH,—O 


In the case of y-acetopropyl alcohol, both for the pure substance as well as 
for its solution in carbon tetrachloride, the oxo-, open-chain, form predom- 
nates by far, as is evident here from the infrared and the Raman spectra °8, 

The isolation of two forms in the solid state, which may possibly corre- 
spond to the cyclic and the oxo-form, has up to the present been achieved 
only in the case of y-hydroxy-nonadecyl-aldehyde °°: 

uG B. HELFERICH, Joc. cit,; K. v. AUWERS, Ber., 56 (1923) 1672. 
8° W. HEROLD, Z. physikal. Chemie (B), 76 (1932) 213. 

M. BERGMANN and A. MIEKELEy, Ber., 55 (1922) 1395. 
W. LtrrKe, Chem. Ber., 83 (1950) 571. 
B. HELFERICH and H., Koster, Ber., 56 (1923) 2088, 
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: ei ; 
CygHy—CH—CH,—CH,—CT =* C,sH,;—CH—CH,—CH,—CHOH. 
OH | _O | 











Whether or not the two isomers really correspond to the oxo and cyclo 
desmotropes is uncertain because of the fact that the ring-closure produces 
a second asymmetric carbon atom C*, and it is thus possible that the 
compounds isolated really represent the two possible diastereo-isomers of 
the cyclic form. When melted or dissolved the isomers undergo partial 
transformation one into the other, up to an equilibrium value; their reactions 
also exhibit the typical phenomena associated with tautomerism. 

Other hydroxy-aldehydes with the carbonyl and the hydroxyl group 
still further apart can also react tautomerically, as illustrated by the example 
of §-hydroxy-n-nonyl-aldehyde 7°. Even though, because of the larger 
number of chain-links, the chain-form will probably only rarely be in the 
proper shape to undergo ring-closure, and the free aldehyde will therefore 
practically be present only in the oxo open-chain form, it is yet nevertheless 
possible, by means of methyl alcoholic hydrogen chloride solution, con- 
tinously to remove from the equilibrium the supposedly always very low 
concentration of cyclo-form present, and thus eventually to convert the 
material substance completely into acyclic acetal with an oxygen-containing 
ten-membered ring: 
12 oe CMa HOCH, . 

tala 


In the case of «-hydroxy-aldehydes isomeric with the hydroxy-ethylene 
oxides, as for example glycolaldehyde and its isomer, hydroxy-ethylene 
oxide, 


CH,OH 2 
| 2 and i ee 
C=O NOH, 


no indications of tautomerism have as yet been found ™. Nevertheless, this 
type of tautomerism does not seem to be excluded in the case of the sugars *°. 


70 B, HELFERICH and WILH. SCHAFER, Ber., 57 (1924) I9Il. 

71 A substituted hydroxy-ethylene oxide has however been prepared by M. BERG- 
MANN and A. MIEKELEY from vinyl ethyl ether by oxidation with perbenzoic acid. 
Ber., +54 (1921) 2150. 

72 M. BERGMANN and M. GiertH, Ann., 448 (1926) 50. The mono- and the dihy- 
droxy-acetone, CH,—CO—CH,OH and HO CH,—CO—CH,OH, probably both form 
dimolecular hemiacetals, as can be concluded with considerable certainty from light- 
absorption data. (W. HEROLD, Z. physikal. Chem. (B), 16 (1932) 215. 
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Very complicated relationships seem to exist in the case of the «-hydroxy- 
ketones, the investigation of which strikes on difficulties even in the case 
of simple examples, such as 1-hydroxy-cyclohexanone-2 («%-hydroxy- 
cyclohexanone) : 


H, i 
C 
ety Sa Pee 
ora kee tautomeric with H2C ix 5 
H.C C=O Hae CAs 
OH} 
ae hake 
H, A, 


The phenomenon of oxo-cyclo-tautomerism plays an especially important 
role in the case of the sugars. These as the first-step oxidation products of 
poly-valent hydroxy-alcohols contain, depending on the mode of, or position 
at which, oxidation took place 78, an aldehyde or a keto-group adjacent to 
a number of hydroxyl groups. As a result an oxo-cyclo-tautomerism is possible 
in various directions. 

Numerous transformations of the sugars can now be represented com- 
prehensibly by formulating them as aldehydo- or as keto-alcohols 74: 


C—H CH.OH 
=O 
C=0 
(CHOH)np (CHOH)n 
CH,OH CH,OH 
Aldose, Ketose. 


For this reason Emit FIiscHer continued for many years to use these formu- 

las, although as early as 1883 ToLLENs 7 had argued in favor of a cyclic 

formulation of the sugars on the ground that the sugars fail to give many 

a reaction considered as characteristic for the aldehyde or the keto group “6, 
Tollens therefore wrote glucose in the form: 


Ms First studied by E. F. von Gorup-BESANEz, Ann., 118 (1861) 273, using the 
oxidation of mannite by oxygen-containing platinum-Mohr as an example. Here 
both mannose and fructose are formed side by side. E. FiscHER and J. HtrSCHBERGER 
Ber., 21 (1888) 1809. 

74 H. Kitrant, Ber., 18 (1885) 3066; 19 (1886 
20 (1887) 339, 1233. 

Si B. ToLtens, Ber., 16 (1883) g2t. 

‘© Compilation by B. ToLtens in his “Lehybuch der Kohlenhydrate”’ (Textbook of 
Carbohydrates), 3rd edition 1914, Barth, Leipzig, p. 18. 


) 221, 767, 1128, 1914 and 3029; 


ee  ——— 
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ICHOH +4 
2CHOH | 

O 
3CHOH | 


4‘CH 








’CHOH 
| 
°CH,OH 


and left open for the time being the question of the number of members 
in the oxygen-containing ring. We have here the following possibilities: 


Three-membered ring («-hydroxylic = ethylene oxidic), 
Four-membered ring (f-hydroxylic = propylene oxidic), 


Five-membered ring (y-hydroxylic = butylene oxidic or hydrofuran ring type of 
structure), 


Six-membered ring (8-hydroxylic = amylene oxidic or hydropyran ring or structure) 
even-membered ring (hexylene oxide) (¢-hydroxylic). 


In equilibrium or in a solution, all forms may as a matter of principle be 
present simultaneously, even though in part only in vanishingly small 
amounts, or concentrations. 

ToLLENS later gave preference to the five-membered ring as written 
above, for experience had shown that the ratio, 


Velocity of formation 
P= ; ae 
Velocity of dissociation ’ 





is greatest for the y-lactones 7. Emit FISCHER concurred with TOLLENS 
in this matter. The proof of the structure of the lactols by analogy with the 
lactones is however rather a weak one. Because of the numerous possibilities 
for tautomerism, it is a very difficult problem to determine the number of 
links in the rings of all the possible isomers of even a single sugar. For this 
purpose it is necessary by substitution to tie down, so to say, individual 
groups, and especially the reactive hemi-acetal hydroxyl group on carbon 
atom 1, that is to try to protect it wholly or partly from attack or interaction 
by various reagents. This can be achieved by etherification of the hydroxyl 
group, thereby converting the hemi-acetal into a complete acetal. 

At this point we must consider still another consequence of the TOLLENS 


77 This has been established not only for simple lactones but also for the lactones 
of the sugar group; see W. CHARLTON, W. N. Haworth and S. Prat, J. Chem. Soc., 
(1926) 89. Compare also J. C. IRVINE and W. Burt, J. Chem. Soc., 125 (1924) 1343; 
who found that the «-methyl mannoside (six-membered ring, see below) is hydrolyzed 
more slowly than is a y-methyl mannoside, which may possibly contain a five-membered 


ring. 
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hemi-acetal formulation. Relative to the old aldehyde formula it contains 


one extra asymmetric carbon atom, ‘ee Accordingly a glucose with a certain 
number of ring atoms must exist in two diastereo-isomers, in the relationship 
of cis-trans-isomers one to the other. In the manner of writing as more or 
less regular six-membered rings, to be further justified below, the formulas 
then appear somewhat as follows: 





OH OH 

H 2 

oH {or mer 
H ¢H,OH H CH,OH 
a-Glucose @-Glucose 


In the «-glucose the hydroxyl groups on C, and C, are in the cis-, in 
%-clucose in the trans-positions **. The isomers to be expected on the basis 
of the ToLLENs formulation were actually prepared by TANRET 7 in 1895. 
One became aware of them as a result of the observation that the high 
value of the rotation (zp = + 110°) of glucose when freshly dissolved in 
water gradually decreases to a permanent constant value of ap = 52.5°. 
This phenomenon, designated as mutarotalion, is a consequence of the 
mutual transformation of «-glucose (aj = + 110°) into $-glucose (zp = + 
19°) up to an equilibrium at ap = + 52.5°. This same equilibrium can be 
arrived at also by starting with pure 8-glucose *°. Corresponding to these 


*8 That in «-glucose the hydroxyls of carbon atoms I and 2 are in the cis-position 
was concluded by BOESEKEN (Ber., 46 (1913) 2612) from the fact that it increases the 
specific conductivity of boric acid, a thing which f-glucose does not do (Compare in this 
connection Chapter II, pp. 107-8, and also Volume IT, Book IV, Chapter XX, Section 2). 
Furthermore, the formula of 6-glucose is in conformity with the fact that when the 
elements of water are split out of it, it can form a bi-cyclic anhydride, laevoglucosan, the 
formation of which from «-glucose is theoretically impossible on the basis of steric 
considerations (P. KarRER, Helv. Chim. Acta, 3 (1920) 258; also A. Picret, Helv. Chim. 
Acta, 3 (1920) 640. For the conductivity of mannose with boric acid see J. BOESEKEN, 
Rec. Trav. Chim., 61 (1942) 77. 

® C. Tanret, Bull. Soc. Chim. France (3), 13 (1895) 593, 728; compare also Ibid. (3), 
15 (1896) 195 and (3), 33 (1905) 337. 

*° On recrystallization from water one always obtains, in spite of the fact that the 
solution contains an equilibrium mixture with 63 % 6-glucose and only 37 % «-glucose, 
pure «-glucose, because this substance, as the monohydrate, is the less soluble of 
the pair. As the «-form crystallizes out, the equilibrium « <> in the solution is upset, 
but it is again quickly re-established by conversion of 8-glucose to «-glucose. On further 
evaporation this also crystallizes out. In this way all the 8-glucose in the solution 
is finally converted to the «-glucose crystal form. According to H. H. Row.ry and 
D. S. BaILey, an anhydrous methanol solution of glucose contains 50.1 % of the «- 
and 49.9 % of the 8-glucose, with an angle of rotation of 66.5 %. In this solvent pure 
a-glucose has a rotation of 115.5°, and pure 8-glucose a rotation of 17.0°,-]. Am. Chem. 


Soc., 62 (1940) 2562. The same authors also discuss the kinetics of the mutarotation 
process. 
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two glucoses are two series of their derivatives; in them, as well as in the 
simple lactols, it is possible to etherify the hydroxyl on carbon atom 1 and 
thus to obtain respectively the two methyl glucosides, which may be differen- 
tiated as the «- and the 6-methyl-glucosides 8!. These glucosides are acetals, 
the hydrolysis of which is catalyzed by hydrogen ion, but not by hydroxyl 
ion, just as in the case of the hydrolysis of the hemi-acetals. In the same way 
that methyl alcohol can etherify with the hemi-acetal hydroxyl group, so 
also can a second sugar molecule enter into this reaction with an alcoholic 
hydroxyl group or with its hemi-acetal hydroxyl, to split out water and 
thus to form a glucoside consisting of two sugar moieties, a disaccharide, 
of which further forms are possible. A disaccharide formed from two glucose 
molecules can be, for example, an «, «-, a 8, B- or an «, B--diglucose. The 
glucosides are much more stable than are the free sugars, they exhibit no 
mutarotation, nor the phenomenon of tautomerism *?. 

The hypothesis that the tautomerism of the sugars is caused by a series 
of hydrations and dehydrations going through a hydrated carbonyl form, 
and that it could be represented, by the following formulas, 


H H 


Bee fcnam. cy.) > —CH-(CHOH).—C—OH. 
ae PAGS | OH 
wn ey OH 
a-Sugar 
hie OE 
CH a(CHOM eC 
ed eae 5 
Bomber 
6-Sugar 


could, by suitable experiments, be proved inapplicable. For R. BEHREND 
and P. Rotu 8 found that mutarotation could be observed also in anhy- 
drous pyridine. BAKER, INGOLD, and THoRPE * investigated further the 
influence of traces of water on the rate of mutarotation of glucose in absolute 
methyl alcohol solution, and thereby found not the acceleration to be 


81 A. vAN EKENSTEIN, Rec. Trav. Chim., 13 (1894) 183; E. FISCHER, Ber, 727 (1894) 
2986. The differentiation of two glucosides that differ only by the spatial configuration 
of the groups attached to carbon atom I, by means of the letters « and §, is quite 
general. 

82 In the case of very slow transformations, however, allowance must be made for 
rearrangements in the case of the glucosides as well; compare P. A. LEVENE and 
G. M. Mever, J. Biol. Chem.,:78 (1928) 363; compare also This Text, pp. 289-290. 

88 R, BEHREND and P. Rotn, Anmn., 331 (1904) 361. 

64 J. W. Baker, CH. K. Incotp and J. F. THorpE, J. Chem. Soc., 125 (1924) 68. 
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expected on the basis of the law of mass action, but on the contrary a 
slight retardation of isomerization *°. pai 
The glucosides of secondary amines, as for example piperidino-d-glucoside, 


H 


C,;H,,N—C——(CHOH),-CH—CH,OH , 
Ps oa 


do however exhibit a mutarotation strongly catalyzed by water. They are 
not comparable to the usual cases of mutarotations however, since in water 
they form ammonium bases, in the cation of which a bond-shift correspond- 
ing to an oxo-cyclo desmotropism is possible °°. 


C,H,,.N—CH—(CHOH),—CH—CH,0H 
AG 


| eS 
H aire dn 


od 


C,H,,.N=CH—(CHOH),—CH—CH,OH | 
| 


| 
OH 


Cation of a quaternary base with doubly-bound N. 


All known modes of formation of the glucosides do however demand 
experimental conditions under which the oxygen-containing ring of the 
hemi-acetal opens up easily, and one must therefore in their preparation 
allow for the possibility of a breaking and reforming, or in effect, of a 
“jumping over” of the oxygen bridge. This is true, for example, in their 
preparation from penta-acetylglucose 87, which should therefore not be 
assigned the formula | 








Ort AcO—C 
O ha: 
phew: 
Mens 
(CHOAc), but rather (CHOAc), O. 
x PA 
Eo 
et 
| in 
CH,OAc H—C 
CH,OAc 


*° The independence of the rate of mutarotation from the concentration of glucose 
in aqueous solution is also an argument against the hydrate theory; R. Kunyn and 
P. Jacos, Z. physikal. Chem., 113 (1924) 380. 

°° R. Kuxn and L. Brrkuorer, Ber., 71 (1938) 1535. 

*? E, Erwic and W. Koentcs, Ber., 22 (1889) 1464. 
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For already in their formation from glucose, by the action of acetic anhy- 
dride and zinc chloride **, or of acetyl chloride in pyridine solution 88, the 
place of attachment of the oxygen may have been shifted. From penta- 
acetyl-glucose one may, by the use of hydrogen chloride or bromide, pass 
on to aceto-chloro-, or aceto-bromo-glucose, since the acyl group on carbon 
atom I is replaced much more readily than are the other acyl groups. 
Likewise, another method for the preparation of aceto-chloro- or aceto- 
bromo-glucose, by the action of acetyl chloride or bromide on glucose °°, 
does not guarantee that the position of attachment of the oxygen is preserved. 
As in the case of glucose itself, two forms of aceto-chloro-glucose are now 
known 9°, From one of these, the more stable one, can be obtained, by the 
action of methyl alcohol and silver carbonate °!, or by means of a methyl 
alcohol solution of silver nitrate 9, 6-methyl-glucoside-tetra-acetate; from 
the other, the more labile one, «-methyl-glucoside-tetra-acetate. The reac- 
tion-sequence can be represented by means of the following scheme of for- 
mulas, in which the spatial relations are, however, not taken into account: 











AcO—C—H Br—C—H CH,O—C—H 
ia >. a 
Pe hs we 
I re ae 
> N a 
B CH,OH 
(CHOAc),; O ai a (CHOAc), O Peas (CHOAc), O 
Das a Ag,CO, 7 
) a ~ 
en ea ee 
H—C H—C H—C 
CH,OAc CH,OAc CH,OAc.. 
Penta-acetyl-glucose. Tetra-acetyl-bromo- Methylglucoside-tetra- 
(or chloro)- glucose. acetate. 


Because of the great stability of the oxide ring in the glucosides, it seems 
more simple to determine the constitution of the glucosides than that of 
glucose itself. A situation like that in the case of glucose holds also for the 
other sugars as well, in that, for example, to the hemi-acetals of mannose, 
galactose, and fructose, there correspond as complete acetals the mannosides, 
galactosides and fructosides. It is however possible, on the basis of the 
constitution of the glucosides, to draw conclusions as to the constitution 
of glucose itself only if it is certain that both contain the same oxygen 


88 R, BEHREND and P. Rotu, Ann. 331 (1904) 362. 

89 CoLLEY, Compt. Rend., 70 (1870) 403; Ann. Chim. Physique (4), 21 (1870) 363. 

9% W. KoEnics and L. Knorr, Sitz. Ber. Bayrische Akad. Wissenschaften, 30 (1900) 
103. ei 
91 H. H. Scutupacn, Ber., 59 (1926) 840; H. H. ScHLUBACH, P. STADLER an ‘ 
Wo tr, Ber., 61 (1928) 287. ! 

% Hf. H. Scurupacn and G,. A. Scur6TER, Ber., 61 (1928) 1216. 
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ring. The modes of formation of the glucosides do not, however, permit of 
this canclusion. On the other ‘hand, it is believed that the hydrolysis of the 
glucosides does furnish us with a satisfactory proof of this fact. It is of course 
not possible by means of the usual chemical methods to carry through such 
a hydrolysis, which would normally permit us to assume with certainty 
that the oxygen-containing ring had remained intact. On the other hand, 
it is conceivable that by the use of the enzymes, attuned far more to a 
specific bond, a hydrolysis attacking only the glucoside bond can be effected. 
Such experiments were in fact carried out by ARMSTRONG 93. They show that 
the strongly dextro-rotatory «-methyl-glucoside is converted by maltase 
into a slightly less dextro-rotatory glucose, which on addition of alkali then 
loses a considerable portion of its dextro-rotatory power, and that, on the 
other hand, the weakly laevo-rotatory @-methyl-glucoside is converted by 
emulsin into a from the very beginning only weakly dextro-rotatory glucose, 
which on addition of alkali is converted into a slightly more strongly dextro- 
rotating substance. The changes in the values of the rotation do then take 
place in the directions to be expected, on the assumption that «-glucose 
would be obtained from «-methyl-glucoside, and $-glucose from 6-methyl- 
glucoside. The ARMSTRONG experiments can not however be taken as an 
absolutely certain proof as to the equality, or identity, of the rings in glucose 
and the glucosides, for the resulting glucoses were not isolated as pure sub- 
stances; and it is conceivable that two other isomeric glucoses, with the 
same configuration of the hydroxyl on carbon atom 1, but with different 
oxygen-ring-widths, would yield values of the rotation of the same order 
of magnitude %4. In respect to this point then, the method of proof used 
by HawortH ® for the six-membered ring-structure of free glucose, and 
which also assumes this identity in the structure of glucose and glucoside, 
still requires support and confirmation. As an example for the determination 
of constitution, we have chosen in what follows not glucose, but rather 
mannose, because more work has been done on mannose, and it can more 
readily be seen what great caution is necessary in drawing conclusions, 
even in the case of the relatively stable mannosides. Furthermore, it can 
be shown especially clearly in this case that, while the course taken does 
permit us eventually to establish the structure of the mannoside, as well 
as of other derivatives of mannose, it still does not enable us to draw any 
certain conclusion as to the constitution of mannose itself. 

MANNOSE differs from glucose only in the spatial arrangement of the 


%3 E. F. Armstrone, J. Chem. Soc., 83 (1903) 1305. 

*4 On the basis of experience made on the y- and 5-tetramethyl-mannonic acid 
lactones, both of which exhibit dextro-rotation, this seems entirely possible 

* W. N. Hawortn, J. Chem. Soc., (1926) 97. 
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substituents on carbon atom 2. As in the case of glucose, the aldo-form in 
the equilibrium is not present in detectable amounts; of the hemi-acetal 
form there should be two diastereo-isomers, x-mannose and 8-mannose 
from which two series of derivatives are derived, as for example «- ae 
6-methyl-mannosides, the formulas of which, using the notation of the 
six-membered ring, will be as follows: 


H H H OCH, 
H H 
OHS om 
H CH,OH Hi ¢H,OH 
a«-Methyl-mannoside 6-Methyl-mannoside 


Of these two, the one, known as «-methyl-mannoside, has been known 
already for a long time. Its method of preparation is that used for the 
preparation of the glucosides, and leaves open the possibility that the 
original ring structure of the mannose undergoes a change %. 

For the «-methyl-mannoside the six-membered ring can be proved by 
means of the-following series of degradation-reactions °% *® °°. 

All of the hydroxyls are first fixed by etherification with dimethyl sulfate 
in alkaline solution. Since in alkaline solution an acetal bond is quite stable, 
it seems improbable that during methyl] etherification a temporary dissolu- 
tion of the oxygen from carbon 1 could occur, and as a matter of fact the 
resulting tetra-methyl-«-methyl-mannoside is a homogeneous substance, 
and yields on hydrolysis, which attacks only at carbon atom I, a pure 
tetramethylmannose. This substance on oxidation with bromine water 
yields tetra-methyl-mannonic acid lactone, which is further degraded by 
oxidation with nitric acid to d-(arabo)-trimethoxy-glutaric acid (alongside 
of a little meso-dimethoxy-succinic acid due to further-going oxidation). 
The trimethoxy-glutaric acid can only be derived from a 3-lactone, and 
the «-methyl-mannoside must then have a corresponding structure: 


% A second methylmannoside, and which probably contains a five-membered ring, 
has been prepared by J. C. Irvine and W. Burt, J. Chem. Soc., 125 (1924) 1343. The 
8-methyl-mannoside corresponding to the well-known a#-methyl-mannoside was ob- 
tained by W. N. Haworrtn and E. L. Hirst as a non-crystallizable syrup, and 
then characterized by means of crystallizable derivatives, /. Chem, Soc., (1930) 
2654. 

97 &, H. GoopyEaR and W. N. Haworth, J. Chem. Soc., (1927) 3136. 

98 P. A. LEvENE and G. M. Meyer, J. Biol. Chem., 60 (1924) 167. The unknown 
orientation of the methoxyl on carbon atom 1 is of no importance in this connec- 
tion. 

%” For a method of proof for the ring-width in the glucosides without previous 
methylation, by oxidation with periodic acid, see: E, L. Jackson and C, S. Hupson, 
J. Am. Chem. Soc., 59 (1937) 994; also W. D.Macray and C.S. Hupson, [bid., 60 (1938) 
2059. For the method of oxidation using lead tetra-acetate, see: W. S. MacCLENAHAN 
and R. C. Hocxett, J. Am. Chem. Soc., 60 (1938) 2061. 
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CH;)sS0 
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H=C a H—C H—C 
CH,OH CH,OCH, CH,OCH, 
a«-Methyl-mannoside Tetramethyl-«- Tetramethyl- 
methyl-mannoside mannose. 
O 
O 
EC oa TE | 
C—OH COOH 
CH,O—C—H HNO, 
: HNO, CH,O—C—H slightly CH,O—C= 
H,O—C—H Oy), > ie 
oie CH,O—C—H further CH,O—C—H 
H—C—OCH, oxidation | 
H—C—OCH, COOH 
H—C 
HOC=O 
CH,OCH, 
Tetramethyl-d-mannonic (d-Arabo-)-Trimethoxy- meso-Dimethoxy- 
acid lactone glutaric acid succinic acid. 


The presence of a six-membered ring in the methylglucosides has also 
been found and proved in a completely analogous manner; one need only 
exchange the HO or CH,O and the H on carbon atom 2 of the above series 
of equations. 

While it is thus definitely and unambiguously proved that the mannoside 
contains a six-membered ring, it is just as definitely proved that another 
derivative of mannose, di-acetone mannose, contains a five-membered ring. 
This diacetone mannose is obtained from mannose and acetone by the 
action of anhydrous copper sulfate or a little sulfuric acid, hence under 
conditions that are not likely to leave untouched an acetal-like linkage. It 
shows mutarotation, whence the hydroxyl group on carbon atom I must 
be free 1°. Since in general acetone adds to form acetal-like derivatives only 
with hydroxyls on neighboring carbon atoms of a compound, di-acetone- 
mannose ought to contain two pairs of neighboring hydroxyl groups each 
replaced by acetone; this is however possible only in the case of a five- 
membered ring (I). For a di-acetone-mannose with a six-membered ring 
the formation of an acetone compound would have, as an exception, to 


100 K. FREUDENBERG and A, Wo tr, Ber., 58 (1925) 300; H. OHLE and G. BEREND, 
Ber. 58 (1925) 2590. 
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bridge over from C, to C,, which by itself is probably sterically possible (II) 
(See formulas below). 

The formula with the five-membered ring is however also supported by 
the results of oxidation. With potassium permanganate we obtain the potas- 
sium salt of a diacetone-mannonic acid; the acid itself could not be isolated 
as such, but only in the form of its diacetone-mannonic acid lactone. The 
ease of formation of this lactone makes a free hydroxyl in the y-position 
quite probable. The same diacetone-mannonic acid lactone can also be 
obtained by the following series of reactions 1: 

Mannose is oxidized directly to mannonic acid, which forms a lactone. 


CH, CH; 








: ~H ‘ ~H 
OH Gis O CH, 
| fis 

ay (CH,),C 





O 


This lactone reacts with acetone to give a mono- and a di-acetone derivative ; 
the latter is identical with the diacetone-mannonic acid lactone first men- 
tioned. The two methods of preparation are represented by the following 
scheme of reactions: 


Mannose —> Diacetone mannose ————————_—> Diacetone-mannonic acid lactone 


—» Mannonic acid lactone. 





—» Mannonic acid 





Mannose 


The oxidative degradation of mannonic acid lactone again allows us to 
conclude in favor of a y-structure: By etherification the hydroxyl groups 
are protected, and the tetramethyl-mannonic acid lactone so obtained, an 
isomer of that obtained from #-methyl-mannoside, yields on oxidation 
with nitric acid, meso-dimethoxy-succinic acid: 


101 —. H. Goopyear and W. N. Haworth, J. Chem. Soc., (1927) 3139. 
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H—C—OH H—C—OCH, O 
OEE CH,OCH, 
y-Mannonic acid Tetramethyl-y- meso-Dimethoxy- 
lactone. mannonic acid lactone, succinic acid. 


In this method, one must however, in connection with the energetic 
methylation of the lactone, recognize the possibility of a rearrangement. 
How justified is this fear is illustrated by the case of }-mannonic acid 
lactone, which on tetra-methylation yields not the $-tetramethyl-mannonic 
acid-lactone obtained from «-methyl-mannoside, and which certainly con- 
tains a six-membered ring, but rather the tetramethyl-y-lactone derived 
from y-mannonic acid lactone. While a jumping over or rearrangement of the 
oxygen bridge is thus a priori possible, it occurs, as experience has demon- 
strated, from the 5- into the y-position, and not reversely, so that while the 
determination of structure as made is correct, it can not be regarded as 
by itself a proof. 

If from the structure of the «-methyl-mannoside and of diacetone-man- 
nose we wish to draw any conclusions as to the structure of mannose itself, 
we are thus led into contradictions. If mannose has the same structure as 
the mannoside, then it must contain a six-membered ring; if it corresponds 
to its own diacetone derivative, it must possess the structure of a five- 
membered ring. In the formation of these derivatives, some sort of jumping 
over of the oxygen bridges has then taken place; in which can not be decided, 
since under the conditions of formation acetal-like bonds could in both 
cases have suffered fission and then later been rejoined 1°, 

The investigations here reproduced in brief suffice to show what difficulties, 
due to the tautomerism of compounds with several like reactive groups, 
stand in our way in attempts to determine constitution, and how one must 
proceed in order to overcome these difficulties. 


102 These same difficulties are met with in the permethylation of galactose, in which 
several tetramethylgalactoses are formed side by side, constituting a mixture of deriv- 
atives of galactose containing a five-membered ring, as well as of a 6-membered 
galactose, Cf. W. N. Hawortu, D. A. RuELL and G. C. Westgarth, J. Chem. Soc., 125 
(1924) 2468; (1927) 2428. 
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(b) Ring-Chain Tautomerism in other Compounds 


The appearance of ring-chain tautomerism in the case of compounds other 
than the aldehydo- and the keto-alcohols will be illustrated by only a few 
examples, since no fundamentally new points of view arise in connection 
therewith. 

If besides the reactive carbonyl group, the molecule also contains an 
acid hydroxyl group, then phenomena of tautomerism analogous to those 
for an alcoholic hydroxyl group are possible. The y-and the $-aldehydo- 
and keto-acids yield on reaction sometimes derivatives of the normal acids 
and sometimes derivatives of the tautomeric hydroxy-lactone forms. Thus, 
for example, o-phthalaldehydic acid reacts in part as such, and in part 
as a hydroxy-phthalide: 


O O 
c“OH on 
€: ae 
—— O 
\ nie 
VV \Cc=0 Sc 
H OF, 
H 
Phthalaldehydic acid Hydroxy-phthalide 


Thus with methyl alcohol alone the methyl ether of hydroxy-phthalide 
is formed, while with methyl alcohol and a small amount of sulfuric acid 
the normal methyl ester is obtained 1°. This is to be expected, for with 
respect to hydrogen ion the acetal-like bond of the ether is less stable than 
is the ester bond. Up to the present it has not been possible in any case to 
find both ring-form and chain-form side-by-side; it seems that in the melt 
and in the solution likewise, either the one or the other of the two isomers 
is present in great preponderance. In the solid state the compounds are 
usually present in the aldehydo- or the keto-form 104. Nevertheless, small 
changes in the constitution of the substances may shift the position of the 
equilibrium completely in the direction of the ring-form; the introduction 
of alkyl, which also in other cases increases the extent of ring-closure, as in 
the case of anhydride-formation in the dicarboxylic acids, is especially 
effective in this respect. Thus, for example, #-phenyl- y,y-dimethyl-glutaric 
aldehyde-acid is a true aldehydo-acid, while the same acid, but with an 
alkyl group substituted in the position « to the carboxyl, is not detectable 
as such, but exists only as a very weakly acid hydroxy-lactone 1°: 

103 F{1aANS MEYER, Monatsh., 25 (1904) 497- 

104 For ‘‘Exceptions’”’ see R. WEGSCHEIDER, Ber., 36 (1903) 1541; Monatsh., 26 
(1905) 1231; R. WEGSCHEIDER and E. SpAtu, Monatsh., 37 (1916) 278; E. E. BLAISE 


and A. Courtot, Bull. Soc. Chim. France (3), 35 (1906) 991. 
105 EH, MEERWEIN, J. prakt. Chem. (2), 116 (1927) 229. 
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Acid Lactone. 


In principle the carbonyl of a carboxyl, or of a carbo-alkoxyl group, can 
also undergo the addition reaction, though here the equilibrium is usually 
entirely on the side of the products of dissociation. Under some circumstances 
however, such an additive capacity might give rise to a ring-chain tautom- 
erism. The possibility of such a tautomerism has been considered in the 
case of maleic acid, to which has been ascribed not only the formula of 
a cis-ethylene-dicarboxylic acid, but also that of a cyclic dihydrexy-lactone 
(Compare also the structure of the two phthaloyl-chlorides, pp. 260-261): 

OH OH 


C—OH G=@© 
ps =<) ae ee Ks Px 
ae 


Attempts have been made by means of the dihydroxylactone formula 
proposed by RicHarp AnscuiTz 1° to understand some peculiarities in the 
chemical and physical behavior of maleic acid (Compare Vol. II, Book IV ' 
Chapter XX). As yet however, no proof for the existence of such a tauto- 
meric form has been forthcoming 17, either in the case of maleic acid itself 
nor in the case of analogously built acids, as for example dimethylmaleic 
acid, A,-tetra-hydrophthalic acid, and phthalic acid }°7, In the case of 
phthalic acid itself it has however been possible to obtain esters of the 
dihydroxylactone form by reacting asym.-phthaloyl-chloride (dichloro- 
phthalide) with alcohols in the presence of calcium carbonate (added to 
“capture” the otherwise rearrangement-producing catalyzing hydrogen 
chloride evolved) 18, These ‘“‘pseudo-esters”’ rearrange very rapidly to the 
normal esters when in the presence of hydrogen- and of hydroxyl-ions. 

King-chain tautomerism is known in one case in which the stability of 
the compound formed by addition to the carbonyl of the carboxyl group 


106 R. ANScCHUTz, Ann., 239 (1887) 175; compare also Ann., 461 (1928) 155. 

7 Compare also R. Anscuiirz, Ann., 461 (1928) 163. 

108 A. KirPAL, A. GALUSCHKA and E. Lassak, Be 
A. Kirpar, Monatsh., 35 (1914) 677. 


Acid Lactone Anhydride 


v., 68 (1935) 1330; compare also 
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is increased by a suitable substitution on the neighboring carbon atom. 
If the latter is for example loaded with halogen, then, as shown by the 
well-known example of chloral hydrate, CCl,CH(OH),, addition compounds 
that could not otherwise be isolated may prove to be quite stable. A corre- 
sponding example for the carbonyl of the carboxyl group is the addition- 
product of sodium ethylate to trifluoro-acetic ester 19; 
CF,—Co ; aa a cr,-cZOc.H, 
OC,H, SOC,H,. 

It therefore becomes comprehensible why a ring-chain tautomerism is 
observed in the case of tri-chloro-acetic acid glycol-mono-ester "°, although 
such a tautomerism could not as yet be detected and proved experimentally 
in the case of the corresponding unsubstituted acetic acid glycol-mono-ester 
(glycol mono-acetate) : 


T Ho_cH ae 
| = 
CCG Tee tocxs eciucower 
a 3 2 
ox hae EL, Ss 
OCH. 


The ester reacts then with, for example, acetyl cliloride, in the sense of 
the acyclic formula to form a glycol-trichloroacetic acid-acetic acid-ester 
(glycol-trichloroacetate-acetate) : 

Cl,=C—C—O—CH,—CH,—_O—C—CH, 
] 


| 
O O ; 





while it reacts with diazomethane according to the cyclic formula to form 
an ortho-ester: 
OCH, 


i 


Cl=C—C—O—CH, 





(aco. 


If the hydroxyl is not on a C = O-double bond in the carboxyl, but 
rather on a C = C-double bond, ring-chain tautomerism is likewise still 
possible. To this type belong the y- and the 3-keto-aldehydes, the carbonyls 
of which can, as will be shown later, react tautomerically with a neighboring 
reactive C—H-bond according to the scheme; 


109 F. Swarts, Bull. Soc. Chim. Belgique, 35 (1927) 412. 

10 H, MEERWEIN and H. SouNKE, Ber., 64 (1931) 2375; H. Hipperr and M.E. 
Greic, Canadian J]. Research, 4 (1931) 254; (Chem. Zentralblatt 1931, I, 3667) ; H. H1B- 
BERT, Ber., 65 (1932) 199. As to the significance of all this work for the conception 
and interpretation of acyl migration, see This Text pp. 742, 743- 
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C—CH C=C 
—_—— 
<—_— 


I 

O O—H 
and thus give rise to the formation of the C=C—OH grouping. Here then, 
two tautomeric atom-shifts follow one on the other; first the keto-enol 
tautomerism to be discussed in greater detail further on, and then the ring- 


chain tautomerism as illustrated by the example of the «,a-dimethyl- 
g-3-diphenyl-3-keto-n-valeraldehyde ™: 











C,H,—CH—CH,—C—C,H, C,H,;-CH—CH=C—C,H, _C,H,-CH—CH—C—C,H; 


I | | 

O <> | H—O = | 

. basa | | 
(CH GGe. (CHioea (CH ga Cuntagheo 
SH SH H4 SOH 


Since the typical reactions for free hydroxyl fail, and ozone and per- 
benzoic acid do not react with the compound, the equilibrium must be in 
the direction of the chain-form of the compound. In the ring form, as a 
di-hydropyranol derivative, the substance does react, however, with two 
other typical reagents for the double bond; it adds both bromine and 
catalytically excited hydrogen. 

All the ring-chain tautomerisms discussed so far can be represented by 
the scheme eh ly 


nd, 


and are distinguished one from the other only by the groups R on which 
the hydroxyl, the bonding of which is broken by the addition reaction, is 
located. According to the outline given above, we may also expect tautomer- 
isms of the type 
—C=C Cael ae 
| litres! ee bed 
—R—O—H R—O H. 
Of the few examples of this type as yet known, we shall mention that of 
mesityl-oxide-oxalic ester, the tautomerism of which was for a long time 
erroneously interpreted as a keto-enol type of tautomerism, in spite of the 


fact that CLAISEN 1 in his first publication had already given the correct 


11 H. MEERWEIN, J. prakt. Chem. (2), 116 (1927) 229. 

hea L. CLaIsen, Ber., 24 (1891) 115; KERSTIENS, Dissertation, Munich (1890) ; 
W. DIECKMANN, Ber., 53 (1920) 1772; K. von AUWERsS and W. Dieckmann, Ber., 
56 (1923) 1527. 
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interpretation for the structure of the two isomers which he had prepared: 








O O 
| I 
Cc 
ged ae 
HG CH He 13 Bett pt Crt 
Se LEYS | | 
H | OH’ 14 | 
(CH;),=C | WeetRYeH, (CH,),=C C—COOCH, 
My leet 
Mesityl-oxide- In the presence of «, «-Dimethyl-«’-carbomethoxy- 
mono-methyl oxalic ester much excess alkali dihydro-y-pyrone. 


Usually the addition of an acid hydroxyl to a C=C-double bond takes 
place in only one direction, and is practically irreversible; this is true for 
the formation of lactones from #, y-unsaturated acids, which takes place 
especially easily in the case of acids of the type of pyroterebic acid (tertiary 
doubly bound carbon atom 1}; 


CH CH 
"C=CH "> C—CHy 
CH;~ 4 ~Scu, ey t\eie cu, 
dae ah 
O—C=O O——C=O 
Pyroterebic acid. Isocaprolactone. 


113 A corresponding, similar, although not reversible, process is the formation of 
coumarans from O-allyl-phenols under the influence of acids (as by boiling with 
pyridine hydrochloride (L.CLaiseNn and O. EIsLeB, Ann., 401 (1913) 26). Probably the 
acid first adds on and then again splits off. 


CH, EMME nny T CH, 
BY CH=CH, —__» (Se Cl~ nas \ae we Permtr,. 
HCl HCl ay 
Now Nou KE? 


o-Allyl-phenol 2-Methyl-coumaran 


114 Tn the case of similarly built aromatic unsaturated ketones (the so-called chal- 
cones), as in the case of iso-butenyl-p-cresyl ketone for example, alkali can induce the 
reverse transformation (von AUWERS, Ann., 421 (1920) 16): 


O 
0 ( 
C os 
See at. GH ow CHa CH, 
| -CH pers 
OH “CH, ‘O CH,. 
iso-Butenyl-p-cresyl ketone. 2,2,6-Trimethyl-chromanone. 


This reaction corresponds to the formation of flavanones in which H-ion acts as the 
catalyst (Compare p. 296, footnote 116). See also H. Simonis and S. DANISCHEWSKI, 
Ber., 59 (1926) 2914; K. von Auwers and E, RIssE, Ber., 64 (1931) 2216. 

15 R, Firtic and J. Brept, Amn., 200 (1880) 58, 259; R. Fittic, C. GEISLER and 


I. Brept, Ann., 208 (1881) 37, 55. 
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In the case of substances built similarly to mesityl-oxide-oxalic acid 
ester, too, the cyclic compound is usually so stable that the influence of 
hydrogen ion is to induce a reaction in only one direction, rather than 
tautomerism, as for example in the case of the formation of flavanones 
(dihydrobenzo-y-pyrones) from o-hydroxy-chalcones as observed by 


KoOSsTANECKI 6; 


O O 

| | 
We aed CpG: 
ed yeu i pe ee Gl 
N H t pe yy 6-5 

Ore ee iont hie O 

Chalcone Flavanone 


(c) Intramolecular Aldol Condensations 


On the frontier of what we consider phenomena of tautomerism are certain 
reactions that may be ascribed to an intramolecular addition to a C=O- 
double bond accompanied by fission of a reactive C—H-bond. These take 
place according to the following scheme: 


R, C=O 

a 
If due to the proximity of a carbonyl the C—H-bond is reactive, we have 
an aldol condensation. Such intramolecular aldol condensations have been 
observed by RABE 1" in the case of the 1,5- or e-diketones; these diketones 
react partly as such, partly as cyclic keto-alcohols. The difference in the 
nature of this type of tautomerism and that discussed previously in the 
case of the y- and §-dicarbonyl compounds is worthy of note. The isolation 
of the separate desmotropic forms, which can be rearranged one into the 
other up to an equilibrium value, has been achieved in a large number of 
cases. So far as is known, the cyclic keto-alcohol is the more stable form, 
and is formed exclusively in the presence_of suitable catalysts; as yet no 
transformation in the opposite direction has been observed. The equilibrium 
lies in this case, however, entirely on one side 48, In principle, here too, as 
in the case of other aldol condensations, reversibility is conceivable. The 


16 St. KostTaNEckI, V. LaMpE and J. TamsBor, Ber., 37 (1904) 786. Probably 
here too the reaction proceeds (Compare This Text, p. 295, footnote 1 13) via an addition 
of the acid to the double bond, leading to a compound in which the acid moiety is 
situated in the position « to the phenyl group. 

17 P. RaBE, Ann., 323 (1902) 83; 332 (1904) I; 360 (1908) 265. 

418 P. RaBE, Ber., 76 (1943) 979. ; 
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reactions described below lie therefore near the limit between the isomers 
which can be transformed in only one direction, and true tautomeric 
compounds. 

The phenomena observed by RABE on a large number of compounds may 
be illustrated by the case of methylene-bis-acetoacetic ester. This methylene- 
bis-acetoacetic ester is obtained from acetoacetic ester and aqueous formal- 
dehyde, without the addition of any condensing agent, as an easily mobile 
liquid, distillable undecomposed under reduced pressures 1°: 


Bete ig BE LOOCH, CH,—CO+GH=CO0C,H, 
| 
H = CH, + H,O 
O=CH, : | 
H CH. CO—CH—GOOC.H, 


| 
CH= cO—GH--COOC,H, 


Under the influence of piperidine or alkalis ° it passes over into the 
highly viscous 3-methyl-cyclohexanol-3-one-1-dicarboxylic ester-4,6, which 
can be obtained in crystalline form, and which, unlike the original methylene- 
bis-acetoacetic ester, decomposes on distillation even at highly reduced 
pressures 11. 


OH 
Hoa cH—COOC,H, Cr —-C__CHec00C uy, 
ll | Fa 
O CH, => CH, 
7H / % 
H.C +Co—CH—CO00C,H; H,C—CO—CH—COOG,H, , 
or, written otherwise 
Hy 
Cw 
CH ‘C=0 
HO~ | 
H | 
C,H,OOC>C CH—COOC,H; 
: < ae ; 
(nae 
Hy 


Freshly prepared methylene-bis-acetoacetic ester, as a double $-keto-acid 
ester, reacts with hydrazine to give a bis-pyrazolone, in which, in each 
g-keto-ester moiety, the carbonyl has reacted with the NH, of hydrazine to 


n9 P. RaBE, Ann., 332 (1904) II. 

120 In the absence of such catalysts, it undergoes only a very slight change over 
a period of many years; P. RaBe, Ber., 76 (1943) 981. 

121 P. RABE, Ann., 323 (1902) 98. 
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form a hydrazone, and the carboethoxyl has reacted with the second NH, 
of the same hydrazine molecule to form an acid-hydrazide linkage: 





H,N———__NH,  atpon 
O OC,H 
i Kees ! 4+ 2H,O + 2C,H,OH 
CH,C—CH—C=0 CH HOA GHSOS9 
CH, a. rz? 
CH,—C—-CH—C=0 CH,—C—CH=C=0 
| | 
ne 
H,N——NH, Nos nia 
or 
Hen eee 0462 23N a 


| HCH, CH | 


N=—C—CH, CH,—C=—=N 


With ammonia, under participation of both carbonyls, a dihydropyridine 
derivative is obtained, while hydroxylamine yields a simple pyridine deriva- 
tive. 

On the other hand, the isomeric methylcyclohexanolone-dicarboxylic 
acid ester yields only a mono-pyrazolone derivative with hydrazine, and an 
imine with ammonia: 


H, H, 
C C 
Po ae O aip vp x 
Fey Shine OO Hisar satan’ 
pee | : mO- 4 | NH 
Sa C7 CoreOUC- CH—C 
GF0 OCC COoOG He Me AUTEN T 
Hy, H, 0 
and 
Hy 
Cla Ze~ 
Be C=NH 


HOW | 


, Tespectively. 
C,H;00C—C CH—COOCG,H, 
H SYGESe < 


Ay 


The hydroxyl group can be detected and proved by means of phenyl 
isocyanate, yielding a phenylurethane. 

When treated with sodium ethylate, the methylene-bis-acetoacetic ester 
yields only one mono-sodium derivative, since under the influence of alkali 
the isomerization to the cyclic compound proceeds rapidly. On the other 
hand, the bis-8-keto-esters, which contain no reactive C—H-bond, and 
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consequently can not pass over into ring-forms, do yield di-sodium salts, 
as for example the di-sodium salt of benzylidene-bis-benzoyl-acetic ester: 


: Na 
C,H, -CO—CH—COOC,H, C,H;—-CO—C—COOC,H,; 122 
| | 
H—C—C,H,; see H—C—C,H, 
. 
C,H;_-CO—CH—COOC,H, C,H,—CO—C-—-COOC,H, 
Na 


In the same way the ring-chain tautomerism of the «-keto-glutaric acids 
and of the hydroxycyclopropane-dicarboxylic acids, in which a three- 
membered ring is formed and broken 1”, may also be interpreted as an inner 
aldol condensation ; 


ae COOH 
R C=O iss. 
Mot ‘i mn AOe a OH 
RY \cZCOoH RY \C_cooH 


| | 
H H 


Here the C—H-bond has been made reactive by the proximity of the car- 
boxyl-group. The analogy of this type of tautomerism with a bimolecular 
reaction is illustrated by the first step of the Perkin cinnamic acid synthesis 
(Compare p. 380). 


_H  CH,COO _H 
CHC + | —» C,H,—C—CH,COOH —> C,H;—CH=CH—COOH. 
SO HC,H—CO OH 


The equilibrium between both of the two isomers is established under the 
influence of alcoholic potassium hydroxide, 1.e. under the conditions of the 
aldol condensation. Depending on the nature and kind of the substituents 
R and R’, either the chain- or the ring-form is the one favored in the 
equilibrium. 

This tautomerism of the «-keto-glutaric acids, which are of course also 
simultaneously y-keto-acids, is thus of a type entirely different from the 


122 For a discussion on the method of representation of the sodium salts, and in 
particular of the mode of linkage of the sodium atom, see further below in Section v?, 
p. 300, on keto-enol tautomerism. 

i23 G, A. R. Kon, A. STEVENSON and J. F. Tuorpe, J. Chem. Soc., 121 (1922) 650; 
S. S. DESHAPANDE and J. F. THORPE, Ibid., 121 (1922) 1430; C. K. Incotp, E. A. 
PERREN and J. F. THorpE, Jbid., 121 (1922) 1765; B. SINGH and J. F. THORPE, Ibid., 
123 (1923) 113; L. Barns and J. F. THORPE, Ibid., 123 (1923) 1206; E. W. LANFEAR 
and J. F. THorpe, Jbid., 123 (1923) 1683; E. W. LANFEAR and J. F. THoRPE, Jbid., 


123 (1923) 2865. 
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already earlier discussed tautomerism of the y- and the 3-aldehydo- and 
keto-acids in which hydroxylactones are formed ™4, 


(vt?) TAUTOMERISM: KETO-ENOL TAUTOMERISM AND 
RELATED TYPES OF TAUTOMERISM 


(a) General Remarks 


In the keto-glutaric acids the intramolecularly reacting groups C=O and 
CH, are still separated by one carbon atom. If in our consideration of the 
intramolecular aldol condensation we go one step further, we come to the 
8-keto-acids, that is, to compounds in which CH, and CO are adjacent, and 
a carbonyl which makes the C—H-group reactive is likewise simultaneously 

124 J. F. THoRPE, who discovered the tautomerism of the «-keto-glutaric acids, at 
first placed this ‘‘new type of tautomerism”’ in parallel with keto-enol tautomerism, 
by simply replacing the unsaturated enol by a cyclic alcohol, entirely in accord 
with the presentation here given (J. Chem. Soc., 121 (1922) 1767. Later on, however, 
he let this analogy fall into the background in favor of an interpretation according 
to which a whole series of tautomeric transformations takes place, and a hydrated 


lactone with a four-membered ring is presumed to appear as an intermediate prod- 
uct; J. Chem. Soc., 123 (1923) 1686: 


COOH COOH 


| 
R C=0H R C=O 
vey ie: ae | ie 
PaaS ree pial ee NCH 
| 





fe ek) Et | 
H H 
COOH COOH 
| 
Rx C=O R, C=O 
R,/ \c—c Ry \c=c 
7 ie Bet EY 
Is H 
or 
7X 
ie aR | R 
™ . . C=O 
This means then that in the first step the usual type of addition reaction the te 
C=O O—H 


occurs, but that in the second step, an addition reaction + + 
C=C 
observed to occur in the case of isolated double bonds, and known only in the case 
ot the addition-reactions of the ketenes R,C = C = O (Compare This Text, PP. 591 
595, 607, 614, 618) takes place. THORPE is able, by means of this explanation, to make 
understandable why only the acids with a carboxyl or a hydroxyl in the cis-position 
(with reference to the carboxyls, then, “tvans’’-dicarboxylic acids) can undergo 
rearrangement, but this is of course nol a proof for the correctness of his views. 


of a type not otherwise 
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able to undergo addition. In these $-keto-acids the intramolecular ring- 
closure signifies the formation of a double bond in accord with the scheme 
given previously: 


C=O C—OH —C=O —C—O 
wihin oad H 
(CHs)n f + <= (CHa) | or, for n=o, | <sgehl 
Cia FE ia PS gees =| ee. 
a. /\ | 


In principle this isomerization ought to occur quite generally in com- 
pounds which still carry hydrogen on the carbon atoms adjacent to the 
carbonyl. For the aldehydes and the ketones one would then also expect 
reactions corresponding to those for the unsaturated alcohols. These unsatu- 
rated alcohols are designated as enols, since the name of an unsaturated 
alcohol carries the ending ene-ol = enol rather than the ending ane-ol = 
anol customarily used for the saturated alcohols. The preparation of these 
isomers of the aldehydes and ketones, possible according to structure theory, 
could, however, for a long time not be achieved in spite of numerous efforts 
made in that direction }*. 

Only very recently has it been possible to prepare the substituted vinyl 
alcohols in which steric hindrance prevents the rearrangement of the enol 
to the keto form. Among these substances are $8, $-dimesitylvinyl alcohol, 


ceet 
a cS pe 
CH, C=C 
i NOH 
2 ’ 
\cH, 


x, %-dimesityl-$-phenyl-vinyl alcohol, and trimesitylvinyl alcoholeter ihe 


configurations of these molecules could be determined from their infrared 
spectra, which give information as to the vibrations of the atomic nuclei 
with respect to one another. The mesityl groups are perpendicular to the 
plane of the —C=C-double bonds; the two methyls in the 2-and the 6- 
positions therein protect the @-C-atom against the approach of the H-atom 
of the hydroxyl, which assumes two different positions in space. From these 
two positions it cannot migrate over, under bond-displacement, to the 
6-C-atom. 

On the other hand, the derivatives of the «, 8-unsaturated alcohols, 
as for example the enol ethers such as vinyl ether, CH,=CH—OC,H;, 


125 For the first experiments to attempt to prepare vinyl alcohol see A, WURTZ, 
Ann., 108 (1858) 86. 

126 A, M. BuswELL, W. H. RopeEsusH and R. Mc. L. Wuitney, J. Am. Chem. 
Soc., 69 (1947) 770. Compare also Ibid, 66 (1944) 896. The first stable vinyl alcobol 
to become known was I,2-dimesityl-1,2 dihydroxy-ethylene ; see R. C. Fuson, J. CORSE 
and C. H. Mc KeEEver, J. Am. Chem. Soc., 62 (1940) 3250. 
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were found to be thoroughly stable compounds, and enol esters, such as 
vinyl acetate, CH,=CH—O—COCH,;, could also be prepared. ERLEN- 
MEYER summarized the results of these experiments in the rule 1’ that 
goes by his name, according to which the atomic grouping C=C—OH 
is not capable of existence. He then sought to apply this rule even to the 
three-membered ring gags 128° Tater, however, it was found that 


the aldehydes and the ketones can nevertheless react in their tautomeric 
forms; even though in the liquid state, and in solution, the carbonyl form 
present in the equilibrium mixture usually predominates to such an extent 
that it is impossible to detect the enol form1**1%°, An example of such 
tautomerism has already been mentioned in the case of the y- and the 
8-keto-aldehydes, the tautomerism of which had to be interpreted as the 
result of asequence of keto-enol and of ring-chain tautomerisms. The tendency 
of the simple ketones and aldehydes to react in the sense of an unsaturated 
alcohol is something that depends very much on the constitution. Thus, 
for example, cyclohexanone reacts with acetic acid anhydride to yield the 
acetic acid ester of cyclohexenol !*!: 


H, Hy Hy 
H,C C=O 1s Ollie we 0) Li, ote 2 co oreas 
| | SEN | ats | 
: CHL sory Cae ert Te Hee aT 
(ie Co eo a 
HA, H, H, 


Cyclopentanone subjected to the same reaction with acetic anhydride 
gives only a low yield, about 20 %, of enol acetate; as yet it has not been 
possible to carry out this reaction with any acyclic ketones. 

For an example of the ability of the ketones to react tautomerically 
according to the enol form, reference is frequently made to the course of 
the bromination reaction. This leads to «-bromoketones; in the case of 
acetone, for example, according to the equation: 


CH,COCH, + Br, = CH,COCH,Br+HBr. 


127 KE, ERLENMEYER, Ber., 13 (1880) 300. 

128 FE. ERLENMEYER, Ber., 14 (1881) 322 (faotnote); see also p. 340. 

#° For the enolization of camphor by Grignard compounds see M. BrEept-SAVvELs- 
BERG, J. prakt. Chem. (2), 107 (1924) 65. Enol form of cyclohexanone : VICTOR GRIG- 
NARD and B. MinGasson, Compt. Rend., 185 (1927) 1552; V. GRIGNARD, Bull. Soc. 
Chim. France (4), 43 (1928) 473; V. GRIGNARD and H, BLancuon, Bull. Soc. Chim. 
France (4), 49 (1931) 23 etc. (a review). E. P. Kouier and D, THompson, — J. Am. 
Chem. Soc., 55 (1933) 3822, — contest the correctness of these experiments of GRIG- 
NARD; their incorrectness was later demonstrated by W. Htcxker and B. Rapszat, 
J. prakt. Chem. (2), 140 (1934) 247. 

189 See also This Text, pp. 343, 344. 

181 C, MANNICH and V. H. HAncu, Ber., 41 (1908) 564. 
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This reaction is not, however, so simple a double decomposition; this 
is evident from the fact its time-course obeys not a bimolecular, but rather 
a monomolecular, reaction-law (Chapter X, pp. 708-712 !82.) The same thing 
is true for the action of iodine 183, One has searched for this, the velocity- 
determining reaction, in the enolization of acetone, which proceeds relatively 
rather slowly, while the subsequent transformations, the addition of bromine 
to the double bond, and subsequent fission of hydrogen bromide, occur, to 
judge by conclusions from analogy, very rapidly: 


O Ovel OH 
ee ee | = | HB 
43 Pes ewes yey ree 2S pee r 
~H,—_C—CH, aay CH,—C=CH, Br, CH,—C—CH,Br pli) 
Br 
Acetone Enol form of Monobromo-acetone 
acetone hydrobromide, or 
1,2-dibromo-2-hydroxy- 
propane 


CH,—C—CH,Br 
| + HBr 
O 


Tonobromo-acetone. 


That however the bromination of a ketone does at least not always 
proceed by way of an enol, follows from the fact that optically active ketones 
which are brominated at an asymmetry-center adjacent to a carbonyl do 
actually yield optically active bromoketones 14. If an enol were formed as 


132 A. Lapwortu, J. Chem. Soc., 85 (1904) 30; 93 (1908) 2189; H. M. Dawson and 
M. S. Lestre, J. Chem. Soc., 95 (1909) 1860; H. M. Dawson and R. WHEATLEY, 
J. Chem. Soc., 97 (1910) 2048; F. O. Rice and M. L. KiLpatrick, J. Am. Chem. Soc., 
45 (1923) 1401; F. O. Rice and C. F. Fryine, J. Am. Chem. Soc., 47 (1925) 379; 
I. Conen, J. Am. Chem. Soc., 52 (1930) 2827; H. B. Watson, J. Chem. Soc., (1927) 
3065; E. D. Hucues and H. B. Watson, J. Chem. Soc., (1929) 1945; E. D. HUGHEs, 
H. B. Watson and E. D. Yates, J. Chem. Soc., (1931) 3318; H. B. Watson and E. D. 
Yates, J. Chem. Soc., (1932) 1207. For the bromination of acetone, see in particular 
also H. B. Watson, W. S. NATHAN and L. L. Laurig, J. Chem. Phys., 3 (1935) 170. 
For the kinetics of the halogenation of acetone in alkaline solution, using hypochlorite 
and hypobromite at 0°, 10°, 18°, 25°; the reaction is first order with respect to acetone 
and OH’ ion, zero order with respect to halogen. The rate-determining step is in 
this case the transfer of a proton from the acetone to the OH’ ion. The final empirical 
reaction is given by: 


CH,COCH, + 3 OBr’ = CH,COO’ + CHBr, + 2 OH’. 


R. P. Bert and H. C. Loncuet-Hicearns, J. Chem. Soc., (1946) 636; compare also 
P. D. Bartiett, J. Am. Chem. Soc., 56 (1934) 967, and R. P. Beri, Acid- Base-Cata- 
lysis, Oxford 1941, p. 135. 

133 1]. M. Dawson and H. Ark, J. Chem. Soc., 99 (1911) 1740; H. M. Dawson 
and F. Powis, J. Chem. Soc., 101 (1912) 1503. Compare also H. M. Dawson and 
J. S. Carter, J. Chem. Soc., (1926) 2287. For the activation of the reaction between 
acetone and iodine by strong acids, see G. F. SmitH, J. Chem. Soc., (1934) 1744- 

134 H, Leucus, Ber., 46 (1913) 2435; 48 (1915) 1015. 
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an intermediate, complete racemization would result, for the enol no longer 
contains a center of asymmetry on this particular carbon atom. The mono- 
molecular course of the bromination can then not be taken as a proof for 
the course of the reaction as sketched above 1*°. (Compare also the brom- 
ination of the carboxylic acids in the «-position, This Text, p. 535 foot- 
note 120. For a further discussion of this subject see This Text, p. 711.) 

Furthermore, many ketones are able to react with alkali metals to evolve 
hydrogen gas, or with sodium amide to evolve ammonia 1%, and thus to 
form salt-like compounds. The subsequent reactions and transformations 
of these alkali metal compounds seem in part to indicate that these substances 
are derivatives not of the ketone (I), but rather of the enol (II). 


= = 
C—H + Na C Na 
wa Fo 
Lhe = | + #H, 
—C=O —C=O 
PN ise 
Ul an = ar 
-“C=OH = Na =—C]ONa eH. 


Thus with carbon dioxide, these alkali compounds yield enol carbonic 
acid salts 187: 


_¢ a 
| 


| + CO, = 40 
-C--O/- Nat = CeO 
a) 





Nat 


These latter do of course frequently undergo rearrangement into 6-keto- 
carboxylic acid salts: 


This reaction may serve for the preparation of §-keto-acids, The resulting 
rearrangement shows however at the same time that one must also be 
careful in the case of the formulation of the alkali compounds. Furthermore, 


8° LAPWORTH. expressed himself very cautiously; he said that an intermediate 
state results, and that this may be the enol form, J. Chem. Soc., 85 (1904} 32. An 
explanation for the monomolecular course of the substitution of H by Br, without 
the assumption of any intermediary enol formation, is given by F. Arnpt and B. 
EIsTERT, Ber., 74 (1941) 436. : 

8° A. HALLER, Compt. Rend., 138 (1904) 
see P. Ramart, Bull. Soc. Chim. France (4) 
A. HALLER). 

137 J, BRUHL, Ber., 2 
acid, 


1139. For a compilation of such work, 
» 39 (1926) 1086 (with a life sketch of 


(1981) 3387, discusses the example of camphocarboxylic 


A= 
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the behavior of the ketones in alkylation, as for example by Haller’s method 
using sodium amide and methyl iodide, can not be represented by means 
of the enolate formula for the sodium compound of the ketones; for in 
place of the enol ethers to be expected in accord with (a), the products 
actually obtained are C-alkylated ketones, the formation of which could 
most conveniently be represented by (b): 





| CH,I | I 
(a) —C —) CH, 
: = | | 4+ Na 
|| 
—C—ONa yobs Gig) 
(b) —C Na + ICH, =CoICH, 
| = +. Nal. 
Eee C=O 


The same types of phenomena take place in the case of the reactions 
of the alkali compounds of the @-keto-acid esters. Since they have been 
most thoroughly studied in this particular case, we shall illustrate this keto- 
enol tautomerism chiefly by use of the $-keto-acid esters as examples. 


(b) Acetoacetic Ester Equilibrium 


In a @-ketonic ester, for which we shall take, as the simplest example, 
acetoacetic ester, 


CH,-CO-CH,-COOC,H, 


the reactive methylene group CH, (or, in the case of simply once-substituted 
acetoacetic esters, the group CH—R) is subject to the influence of the 
adjacent two carbonyl groups. Therefore there are in principle two possi- 
bilities of tautomerism for this methylene group, for enolization is possible 
in the direction of the carbo-ethoxy group, just as in ordinary acetic ester 
(ethyl acetate) : 


pre OH 


CIL=¢ => CH,=C 
i OC ~OC,H; 


138 - 
, 


O O go... OH 
CH,—-CZCH,—C“0C,H, z= CH,—C=CH=C—OC,H,; 


as well as enolization in the direction of the keto-carbonyl group: 


O presi re 
CH,—CZCH,—COOC,H, <= CH,—C=CH- este (oni ey 
138 See This Text, pp. 376, 381, and 383. 
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Finally, a third enolization between the ketonic carbonyl and the terminal 
methyl group is also conceivable: 





O Jomiie 
CH,-C“—CH, COOH <24 Chi CaCH, =C_ 0G Fae 


Of these three possibilities, energy-considerations to be discussed later 
on (pp. 343-4) exclude all but the case of enolization of the methylene group 
with the ketocarbonyl group. In this last case a bonding system results in 
which double and single bonds alternate; such conjugated double bonds are 
always markedly lower in energy than are two isolated double bonds (Com- 
pare p. 587). Therefore it is necessary to assume a tautomerism of acetoacetic 
ester with $-hydroxy-crotonic ester: 


O 
A 
CHC_¢CH,=COOC.H, tH con 
ae aa". ss ain ae poreteise 
O OH 


Ordinary acetoacetic ester is a mixture of the two forms with a predomin- 
ance of the keto-form; it contains 93 % of the keto- and 7% of the enol 
form. The determination of the two isomers side by side is easily possible 
by means of chemical methods, provided one works under experimental 
conditions in which isomerization proceeds slowly; for since the attainment 
of the equilibrium between the two forms is strongly catalyzed by hydrogen, 
as well as by hydroxyl, ion, the presence of these catalysts must be avoided 
during the time of the reaction. One reagent to which only one form reacts 
is bromine, which is added on only to the C=C-, but not to the C=. 
double bond. By working in the cold in methyl alcohol solution it is then 
possible by means of bromine to determine the enol form titrimetrically 139, 
The enol-dibromide formed, which loses hydrogen bromide to undergo 
further changes, is still stable enough at low temperature so as not to 
interfere with the rather rapid titration. The results thus obtained by chem- 
ical means are the same as those obtained without resorting to a chemical 
attack, as by a determination of the molecular refraction, the theoretical 
values of which can be calculated for both the keto- and the enol forms 
without having made any measurements on the pure compounds them- 
selves 4°, A qualitative, but very sensitive, method for the detection of 
enol is the red, blue, or violet coloration given with ferric chloride, due to 


139 K. H. MEYER, Ann., 380 (IQII) 212. 


40 K. von AUWERs, Ann., 415 (1918) 169; 426 (1922) 161. Compare also This Text, 
Vol. II, Book ITI, Chapter XIII, 6. 
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the formation of internally complex salts ™!. This reaction can, under 
proper circumstances, also be used for quantitative determinations. 

The separation of the two forms present in ordinary acetoacetic ester 
can be carried out, again only when catalytic effects are avoided, rather 
easily by the usual physical methods, since the isomers contain various 
characteristic groups, and therefore possess markedly different properties. 
Thus on cooling the solution of ordinary acetoacetic ester to low temperatures 
the pure keto-form melting at —39° C crystallizes out 1; by fractional 
distillation in quartz vessels,—glass has a strong catalytic effect because 
of its alkali content,—the more volatile enol form (chelate formation) can 
be separated from the less volatile keto form '*. Working in glass vessels one 
obtains, on slow distillation, almost the pure enol form in the distillate, 
because the equilibrium in the distillation flask, disturbed by the distillation 
of the enol form, is rapidly re-established 3. (What is meant here is a Jena 
glass distilling flask, but a receiver in which catalytic influences are absent. 
F. H.R.). The isomers can also be separated by means of their various 
solubilities, by shaking and extraction with various solvents; thus for 
example, the enol form is more readily soluble in hexane, and less readily 
soluble in water, than is the keto-form (Compare also This Text, Voll, 
Book III, Chapter XIV). The influence of the solvent on the position of 
the equilibrium is determined by differences in the solubilities of the two 
desmotropic forms, as can be proved by the application of the general 
physico-chemical considerations of VAN ’T Horr to this special case 4. We 
have the relationship: 


Or aie Solubility of the enol-form _ 
G ~ Solubility of the keto-form 


~Keto form 





The position of the equilibrium between the keto- and the enol-form in 
the pure liquid esters varies greatly with the constitution of the various 
8-keto-acid esters, and as yet no regularities have been observed. Thus, for 
example, the cyclopentanone-carboxylic acid ester contains 4 % of enol, 
while the cyclohexanone carboxylic acid ester contains 76 % of enol ™. 


141 A. Hantzscu, Ann., 392 (1912) 292. The limits of validity are discussed, among 
others, by: W. DiecKMANn, Ber., 50 (1917) 1379; F. ARNDT and C. Martius, Ann., 
499 (1932) 232. 

uz |. Knorr, O. RotTHe and H. AVERBECK, Ber., 44 (1911) 1139. 

43K. H. MEYER and V. SCHOELLER, Ber., 53 (1920) 1410; K. H. MEYER und H. 
Hoprr, Ber., 54 (1921) 579. See in this connection also J. DECOMBE, Ann. Chim. 
(10), 18 (1932) 81. . 

144 QO, DimrotH, Ann., 377 (1910) 134; 399 (1913) 93. Compare also W. DIECKMANN, 


Ber., 55 (1922) 2470. 
145 W. DIECKMANN, Ber., 55 (1922) 2479. 
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The ratio of the isomers seems to vary little with temperature, hence the 
mutually reversible conversion, 


Keto-form zz Enol-form, 


must be accompanied by only a small heat of reaction. Calorimetric measure- 
ments have not as yet been made ™®, 

These relationships become still more snarled by the fact that two stereo- 
isomeric forms of the enol form are possible, of which the one which carries 
the enol hydroxyl and the carbo-ethoxyl groups in the cis-position possesses 
a more or less stable chelate structure (Compare This Text, p. 149). In the 
case of the cyclic 6-keto-carboxylic esters of the type of cyclo-pentanone- 
and cyclo-hexanone-carboxylic esters only the cis-position is possible for 
the hydroxyl and the ester groups; here, however, the energy-gain connected 
with the formation of the chelate ring, and hence the energy-preference for 
the enol-form, may vary greatly from case to case (See also This Text, 
Prigra). 

Only a few scattered measurements have been made on the gas-phase of 
the keto-carboxylic acid esters 147. From these it is however evident that the 
equilibrium in the vapor phase above the liquid is quite different from that 
in the liquid itself. In the cases investigated the enol form is more favored 
in the gas as compared with the liquid phase; acetoacetic ester, 49.4 % 
versus 7.4 %; cyclopentanone-carboxylic acid ester, 27.5 ° versus 4.0 %: 
cyclohexanone-carboxylic acid ester, 90.6 % versus 7.6 %, respectively of 
enol form at 25°C. The high enol content of cyclohexanone-carboxylic ester 
is striking in both phases. 

If we compare one with another the equilibrium constants (Enol-form): 
(Keto-form) = k of various keto-enol tautomeric compounds in various 


M46 The two forms of the formyl-phenyl-acetic acid ester, 
C,H;—-CH—COOC,H, 


H 
et 
C=O 

investigated by W. WisticEnus, and the heats of combustion of which were deter- 
mined by PF. STOHMANN (RAYMUND SCHMIDT, Amn., 291 (1896) 171, 172) and found 
to be practically identical, do not stand in a keto-enol isomeric relationship to one 
another, but are really stereo- or cis-trans-isomers in the sense of the formuias 

pest | -—-COOG.H, C,H,—_C—COOC,H; 
and 

H—C—OH HO—C—H 


, 


(W. Dieckmann, Ber., 50 (1917) 1375). Similarly, two stereoisomers of the enol 

form of aceto-acetic ester are conceivable, though they have not as yet been found. 

A few experiments on the temperature-dependence of the equilibrium were made by 

J. B. Conant and A. F., Tuompson, Jr., J. Am. Chem. Soc., 54 (1932) 4039. 
47 R. ScHREcK, J. Am. Chem. Soc., 71 (1949) 1881. ; ' 
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solvents, we find proportionality to a fair approximation “8. Thus, for 
example, the equilibrium constant for the benzoylacetic acid methyl ester 
in all solvents is almost exactly twice as great as for acetoacetic ethylester, 
in spite of the fact that the magnitude of the constants varies greatly from 
solvent to solvent. Thus for example, in water the constants are respectively 
0.008 and 0.004, in hexane 2.2 and 1.0. To a first approximation then, the 
constant can be factored into two terms, of which the one depends only on 
the solvent, the second only on the solute or substance dissolved. The 
first factor is called the desmotropic constant of the solvent ;—the fact that 
a constant of this kind can at all be determined is worthy of note, and shows, 
together with the above-mentioned relationship between the equilibrium 
constant and the solubility of the tautomeric forms, that the solubility- 
relationships of the keto- and the enol-forms are to a wide extent independent 
of the special structure of the molecules. The second factor is known as 
the keto-enol constant of the dissolved substance; this fact enables us quite 
generally to speak of a certain tendency of every tautomerizable substance 
to enolize, hence of an enolization tendency for which the enol constant is 
4 measure. Nevertheless, the two factors can not be separated completely, 
since as yet no possibility has been found for determining their separate 
values independently. For purposes of comparison, however, it is sufficient 
arbitrarily to set the enol-constant of some substance as equal to unity, and 
then to relate the constants of all other substances thereto. If we thus 
choose aceto-acetic acid ethyl ester as our reference substance, we obtain 
for other substances the values: benzoylacetic acid methyl ester, 2.3; 
ethyl ester, 2.6; acetylacetone, 33; benzoylacetone, 120; acetylcamphor, 8; 
benzoylcamphor 12. 

The dissociation constant in water, relative to the total amount of 
substance dissolved (i.e. not as a measure for the acidity of the enol) is 
1.17-10-® for acetylacetone, 2.09: 10-1! for acetoacetic ester, and 2.0I- 10~° 
for benzoylacetone in an aqueous solution containing 7.3 °%, ethyl alcohol 
(since it is insoluble in pure HO}: 


(c) Reactions of Acetoacetic Ester 
The tautomerism of free acetoacetic ester is expressed by the fact that 


it can give the reactions of the keto-carbonyl as well as of the enol-hydroxyl. 
As a ketone it adds, for example, sodium bisulfite and hydrogen cyanide: 


us K, H. Meyer, Ber., 47 (1914) 828. 
49 M. L. Erp1norr, J. Am. Chem. Soc., 67 (1945) 2072. 
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CH,—C—CH,—COOC,H, 
x ™ 


ey 
HO SO,Na 


(used as a method of purification), 
CH,—C—CH,—COOC,H, 


HO CN 


(used as a synthetic method for the preparation of substituted 
maleic and fumaric acids) 1°, 


As a hydroxyl compound, it is acetylated by acetyl chloride in pyridine 
solution 1; 
CH,—C=CH—COOC,H, 
| ‘ 
O—COCH, 
Diazomethane reacts to yield an enol ether. 
CH,—C=CH—COOC,H, 
OCH. 


These reactions, however, by no means exhaust the problem of the 
tautomerism of the f-keto-acid esters. For the transformations of the most 
important derivatives of the esters, their salts, also proceed in accord with 
two different formulas, and it was indeed first the observations on the 
behavior of the salts of acetoacetic ester that led to the discovery of the 
tautomerism of the $-keto-acid esters. That acetoacetic acid ester can 
form salts, and is hence to be regarded as an acid, was observed already 
in 1863 by Geuther, the discoverer of the ester. The alkali salts of a 6-keto- 
acid ester are formed by dissolving the ester in alkali solution: or, under 
evolution of hydrogen, by action of the alkali metal on the ester. The copper 
salts are formed directly from the ester and copper acetate, or more in- 
directly, first on neutralizing the acetic acid set free by alkali or ammonia, 
depending on the acidity of the ester used and the degree of insolubility 
of the copper salt obtained 152, 

The acidity of a @-keto-acid ester depends on the constitution in a manner 
to be found purely by experiment; as yet no theory has been developed 


°° In accordance with the reaction-sequence 


CH;—C—CH,—COOH CH,—C—CH—COGOH 
| + H,O. 
HO COOH —> COOH 
51 L. CLAISEN, Ann. 291 (1896) 106; Ber., 33 (1900) 1242. 
12 The copper salts are not ordinary salts, but rather internal complex salts derived 
from the enol form (Compare This Text, p. 150) 
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to correlate these factors 8. Thus, for example, methyl acetoacetic ester is 
not acidic enough to be able to react with diazomethane !** 5, Its salts are 
split hydrolytically by water, and the methyl-acetoacetic ester therefore 
does not dissolve in dilute alkali while acetoacetic ester dissolves readily. 
In aqueous ammonia the methyl-acetoacetic ester is not soluble while aceto- 
acetic ester does dissolve therein; based thereon is founded a method of 
separation %*, The salts of acetoacetic ester are already decomposed by 
carbon dioxide; cyclopentanone-carboxylic ester is however such a strong 
acid that its salts are stable to carbon dioxide. No relationship has been 
recognized between the acidity and the position of the equilibrium between 
the keto- and the enol-form; thus, for example, the strongly acidic cyclo- 
pentanone-carboxylic acid este: contains only 4 °% of enol while the weakly 
acidic cyclohexanone-carboxylic acid ester contains 76 % of the enol form, 
and acetoacetic acid ester itself of approximately the same acidity, only 
y % enol form 1’. 

Nevertheless, one did formerly, before this example became known, con- 
sider as valid, within wide limits, a rule set up by CLaIsEN. According to this 
rule greater acidity ran (more or less) parallel with greater enol-content. 
Attempts were made to find a theoretical basis for this rule (Compare 
This Text, pp. 341-2). But one need only consider on a purely structure- 
chemical basis the possibilities of equilibrium between the keto-form, the 
two stereo-isomeric enol forrns (In the case of the cyclic keto-carboxylic 
esters only one need be considered, see p. 308), and the chelate-structure of 
the cis-form, in order to come to the conclusion that any generally valid 
relationship between the acidity and the enolization is rather improbable. 


153 F, ARNDT, Ann., 499 (1932) 258, explains why we must expect only very 
snarled and complicated relationships in this case. For a further discussion, see also 
This Text, pp. 341-2. 

154 In a very slow reaction, this substance yields only very little enol-ether alongside 
of an ethylene oxide, 


GH —C.-cH—cOOC.H, 


\ 
IE ONT eh 2 8 : 


In the case of acetoacetic ester, the corresponding compound is formed in only small 
amounts, about 10 %, alongside of the enol-ether formed rapidly as the main product, 
F. Arnot, L. Loewe, and B. Breyer, Ber., 74 (1941) 1460. 

155 For the investigation of the reaction of the y-chlorinated acetoacetic esters 
+ diazomethane, as well as of the tautomeric equilibria involved, see F. ARNDT, . 
Loewe, and L. Capuano, Istanbul Univ. Fen. Fak. Mecmuasi, 8 (1943) 122 (in German). 

56 F. Arnpt, L. Loewe and B. BEYER, Ber., 74, (1941) 1462. Compare also A. 
MICHAEL, Ber., 38 (1905) 2091. 

157 W. DIECKMANN, Ber., 55 (1922) 2470. 
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Thus, for example, in the case of methyl-acetoacetic acid ethyl ester, we 
have the following system of equilibria }°*: 


er H 
ee CH CH, 
li \c% cooc,H, 
Ov ,c—O— C,H, 
Enol, cis-form, chelate structure Keto-form, normal 
CH,. Jel CH, COOC,H,; 
3\ 4 
pee <r ines 
le ei ie te 
16 ¥ PO OL Ol s OD H 
ree ‘H 
Enol, cis-form, open Enol, tvans-form, open 
H: + Anion H: + Anicn, 


The significance of the cis-trans-isomerism may be recognized by means of 
the ferric chloride reaction 1°, Because of the ring-structure of the internally 
complex salt (This Text, pp. 144, 150), only the cis-form can react with ferric 
chloride. In the case of some enol-containing keto-carboxylic esters however, 
the ferric chloride reaction is negative, in other cases it takes place only very 
slowly ; these are such as contain a branched substituent in the #-position, or, 
if the a-substituent is normal, a branched substituent in the y-position. Thus 
the «-iso-propyl-«-benzoyl-acetic ester, 


~ ZO . 
C,H;—C—CHCOOC,H, 
C 


ous 
CH, CH, 


’ 


with an enol content of 2.5 %, fails to give the ferric chloride reaction; 
the a-n-butyl-y-diethyl-acetoacetic ester, 


C,H. here O 4 
CHC——-CHCOOC,H, 
C,H 


CH,CH,CH,CH, , 


8 See in this connection also F. ARNDT, L. Loewe, and R. GINKOK, Dissertation: 
Enolization, Solvation, Chelation. Istanbul, Universitesi Fen. Fak. Mecmuasi, Ser. A 
XI-4, (1946), p. 147. | 
Hae H. HENECKA, Chem. Ber., 81 (1948) 179, 189. For the significance of the cis-trans- 
‘somerism of the /-dicarbonyl compounds as respects their reactivity toward diazo- 
methane, see B. E1istert, F. ARNpT, L, LoEweE, and E. Ay¢a, Chem. Ber., 84 (1951) 156. 

169 G. T. MorGan and H. D. K. Drew, J. Chem. Soc., 125 (1924) 746. z 


vl KETO-ENOL TAUTOMERISM ETG. 5 pbs} 


with likewise 2.5 °% enol gives it only slowly; while the «--butyl-acetoacetic 
ester, 


ene sy, 
CH,C*——_CHCOOC,H, 
CH,CH,CH,CH, , 


with 2.3 % enol, gives the blue-violet color at once. Furthermore, #-dicar- 
bonyl compounds, such as 7so-propyl-acetyl-acetone, containing 14 % enol, 
exhibit analogous behavior. The hindrance to the complex-forming cvs-enol 
form is due probably in all cases to the mutual interference of the blocking 
groups in the cis-configuration. Parenthetically, the color of the inner com- 
plex salt varies somewhat also with the nature of the a-substituent, a fact 
frequently recognized already by the unaided eye, and exactly determinable 
by means of light-absorption measurements. Those keto-carboxylic esters 
which do not react at all, or do so only slowly, contain their enol, as detect- 
able by bromine titration, in the tvans-form; those that react immediately 
contain their enol either in the cis-form alone, or in equilibrium with the 
trans-form. 

There are then in the case of the enol-form really two acids, which may 
have quite different acidities. The acidity of the czs-form, which is alone 
possible in the case of the cyclic keto-carboxylic acid esters, is most closely 
related to the stability of the chelate structure from which the hydrogen, 
being bound on both sides, cannot dissociate as readily as it can from the 
open from. It is thus conceivable that the small acidity of the methyl 
acetoacetic ester is to be ascribed to the special stability ofits chelate struc- 
ture, while on the other hand, in the case of cyclopentanone-carboxylic 
acid ester, in which the chelate ring must attach itself to 


— O 
| | eZ 
i eRe re a hs Les OCH 
Oy ce ier ee Ne ab rite 
| 
O ZY" On 4 
Keto-form K) Enol-form 
H + Anion \J —C—OC,H, 
| || 
Or 
Chelate 


an unsaturated five-membered ring, the open form may be considerably 
more favored. In the case of aceto-acetic ester again, the acidity of the 
trans-form, which is not possible in the case of the cyclopentanone-carboxylic 
ester, may be considerable. 
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Experimental data and justification as to the role played by the various 
theoretically possible enol forms in the creation of the acidity and the 
position of the equilibrium, keto-form = » enol-forms, are not yet available; 
the considerations here made in this discussion are only intended to point 
out the difficulties of the problem. . 

The dialkyl-acetoacetic acid esters, such as dimethylacetoacetic ester, 
CH,—CO C(CH3),—COOC,H,, which can not exist in an enol-form, exhibit 
no acid properties whatever. This last example shows that for a @-keto-acid 
ester to enter into salt-formation it is essential that there be a hydrogen 
atom attached to the carbon atom located between the carbonyl and the 
carboethoxyl carbon atoms. Formally there are two possibilities for the 
structure of the salts. They can be written as enolates derived from the 
enol form, or as metallo-organic compounds of the keto-form: 


CH,—C=CH—COOC,R, Hants Ging OCH 


one F O Wa 


The most probable and plausible interpretation of the salts is their 
formulation as enolates, as was already done by Geuther. For in general a 
hydrogen attached to oxygen is readily replaced by alkali metal, and there 
are only a very few organic or inorganic hydroxyl compounds which do not 
react with alkali metal under evolution of hydrogen (as for example a few 
tertiary alcohols). On the other hand, it is only in exceptional cases that a 
metal atom is able to replace a hydrogen atom attached to a carbon atom 
(See p. 385 and p. 679), and hydrocarbons which exist in a solvent with 
a determinable degree of electrolytic dissociation are not known at all. 
In the conception of the salts as enolates, the acid enols are placed in analogy 
with the phenols whose degrees of dissociation are of the same order of 
magnitude, and to which they also appear related by reason of the above 
mentioned reaction with ferric chloride, a reaction also given by the phenols. 
This view finds further experimental support in the results of numerous 
investigations in which the pure enol-forms of the 6-keto-esters have been 
obtained from the enolates by careful decomposition of the salts with hydro- 
chloric acid; it was in fact by this method that KNorr 3! first obtained 
the pure enol-form of acetoacetic ester. On the other hand, no one has yet 
observed the direct formation of a (pure) keto-form from a salt of a 6-keto- 
acid-ester. 

While it is true that the chemical transformation in this one reaction 
does correspond to the enolate formula, other reactions can not be brought 
into harmony with this formula. For as a result of double decompositions, 

#1 L. Knorr, O. RotueE and H. AVERBECK, Ber., 44 (I91I) 1143. 
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the salts usually yield mixtures of substances, part of which are derived 
from the enol-form, part from the keto-form of the ester. Thus, for example, 
the sodium acetoacetic ester, which may serve as an example, yields, when 
reacted with chlorocarbonic acid ester, predominantly, but not exclusively, 
the O-substituted derivative 16, in accord with the equation: 
5 Hey Se Sake te CH,—C—CH—COOC,H, 
= O N 
ONa + Cl_COOC,H, b_c26c,H, pee 


rather than 
CH,—C—CH—COOC,H, 
|| 


O C—OCH, 
O 


In interaction with other acid chlorides, such as acetyl or benzoyl chloride, 
the products are almost exclusively the C-derivatives, alongside of only 
small amounts of the O-derivatives 1: 
CSE AORAGT AMEE 
ae Ee eT od oS cree 
Alkyl halides, finally, react to form exclusively C-derivatives, as best 
expressed and visualized by the equation, 
Chet OH COOGH, CH=CH COOC.H, 
| = ge + Nal. 
O Na+ICH, O CH, 

The course of this reaction was at the time decisive for FRANKLAND and 
Dvuppa ™4 in their formulation of the salts as metallo-organic compounds, as 
opposed to the enolate formula advocated by GEUTHER. 

According to these experimental results then, the salts react in accord 
with both of the above formulas, and we seem to be dealing with a tautom- 
erism of the ions contained therein: 

CH,—C=CH—COOC,H, CH,-—C—C/H—COOC,H, 
| wr | 
O’ O 

Here then, the free charge would in the one case be located on the oxygen, 
in the other on the carbon atom; in the language of the electron theory of 
valence (See This Text, p. 31) the ion derived from the enol form has an 
oxygen atom bearing a charge of one lone electron-pair, while the ion derived 


162 A MicuaEt, J. prakt. Chem. (2), 37 (1888) 474; 45 (1892) 583; J. U. NEF, Ann., 
266 (1891) 105; 276 (1893) 213; L. CLAISEN, Ber., 21 (1888) 3397, 3567; 25 (1892) 1760. 

163 [| CLAISEN, Ann., 291 (1896) 65. 

6 E. FRANKLAND and B, F. Duppa, Ann., 238 (1886) 342. 
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from the ketoform has a carbon atom bearing this lone or unshared electron 
pair 16°, Unlike the free acetoacetic ester, the saltsare, however, not known in 
two desmotropic forms, but only in a single form. The same observation, that 
only one series of metal derivatives corresponds to the two desmotropic 
forms of an organic compound, which can however react in the same way 
as the parent substance which contains hydrogen in place of the metal 
atom, has now been made on a large number of substances in which the 
phenomena of tautomerism are very similar to those of keto-enol tautom- 
erism. These tautomerisms so very closely related to keto-enol tautomerism 
will therefore, after a discussion of the most important compounds that 
exhibit keto-enol tautomerism, be compiled in a brief summary (See sub- 
section (e), p. 319), before we enter, in this connection, into a discussion of 
the considerably more difficult problem of the metal salts, which is the 
same for all these classes of compounds. 


(d) Keto-Enol Tautomerism in x- and B-Diketones and in 6-Keto- Aldehydes 16a 


The phenomena of keto-enol tautomerism discussed above for the example 
of the $-keto acids take place, in principle, in the same way in all enolizable 
compounds, regardless of whether both compounds can or cannot actually 
be detected in the equilibrium mixture. 

In what follows we will, when dealing with a tautomeric equilibrium 
of two desmotropic forms, of which each can be prepared or isolated separate- 
ly, make use of the usual symbol for the designation of equilibria,—two 
oppositely directed arrows, =. If, on the other hand, we are speaking 
merely of tautomerism itself, as further below for the tautomerism of the 
acid amides, where the isomers corresponding to the two formulas have 
never yet been obtained, then we shall modify this symbol of equilibrium 
by using arrows each “feathered” on only one side =. 

This symbol should also be used in those cases in which the question 
of the existence or non-existence of two forms ought for the time being 
still remain an open one, as for example in our general discussions. 

Of the enolizable compounds in which the enol form contains its double 
bond as a part of a conjugated system, let us yet discuss the «- and the 
@-diketones as well as the -keto-aldehydes. The «-diketones, 

>c—c—c-c< 


ll ll 
O O 
165 The assumption that the ions react was made by EuGEN MULLER, A nN., 
(1931) 257, in his explanation of the PERKIN Synthesis (Aldol condensation). 


a H. HENEcKa, Chemistry of the B-dicarbonyl Compounds in Organ. Chemie in 
Einzeldarstellungen, Vol. 4 (1950), Springer-Verlag. 
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contain, both in their diketo-form, as well as in their mono- and their 
di-enol forms, a conjugated system, namely O=C—C=O (diketo), 
C=C—C=O (mono-enol), and C=C—C=C (di-enol). Which of these will 
be most preferred depends on a variety of factors. Of special significance 
is in this connection the question of ring-closure. While acyclic «-diketones, 
such as, for example, diacetyl, H,C—CO—CO—CH,, are true diketones, 
and yellow in color, the analogous cyclic compounds, such as diketo-cyclo- 
pentane and diketo-cyclohexane, are colorless, give the iron chloride reaction, 
and are to be considered as keto-enols. In the series of the cyclohexanes the 
proof for the constitution of these substances, known here as “‘dios phenols’’, 
has been carried out. They react typically as tautomeric substances, and 
yield for example monoximes as well as di-oximes 1°°. Only when for spatial 
reasons no enolization is possible, as in the case of diketo-camphane 1’, 
are the yellow diketo forms known as such also in the cyclic compounds 
series. 

In the case of the @-diketones, if they are of unsymmetrical structure 
and contain enolizable hydrogen, the formation of the conjugated system 
allows for two keto-enol forms as well as for one di-enol form, whence four 
isomers in all are conceivable. Thus in the case of benzoylacetone we have: 








¢ tt CCH. —G—CH, C1 Cs CHC CH, 
| | ; | 

O O OH O 
C.Hg=+C—CH=C+-CH, C,H,-C=CH C=CH, 
| | , and | | ; 

OH OH OH 


As a result of the cis-trans isomerism at the double bond the number 
of possible isomers is increased still further; the investigation of such 
examples is therefore very difficult **. It was in the case of a triketone, 


acetyl-dibenzoyl-methane, 


O 
O | 
"ely a eet om = 
Cie Geo 
oO ns ee 
| 
O 


that CLAISEN first demonstrated the independent existence of two sub- 


166 CG, WaLLacH, Ann., 437 (1924) 148. 
167 Usually known as “‘camphorquinone’’. 
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stances in the relationship of keto-enol isomerism one to the other 1%. 


As an important example of the tautomerism of a @-triketone we must 
here mention yet the case of phloroglucinol, which reacts with hydroxyl- 
amine as a triketo-cyclohexane, while with acetylating agents it reacts as 
a trihydroxy-cyclo-hexa-triene : 


H, H, 
(e Phe pa 
Ot ee a HOES — 
| | | | 
ie. CH. Hc. CH, 
Xe EH 
| I 
O NOH 
H C H Oo 
of a II cag ere | 
HOLL - COM => arc cena metas 2 
| | 
paph C_H HC CH 
ae’ pa Bigs) ual ©) 
io tlh 
OH OCH cH. 


In this case we are dealing with the transformation of a benzene ring 
into a cyclohexane ring. This tautomerism furthermore finds analogies 
among the heterocyclic compounds, as for example in barbituric acid, uric 
acid, and cyanuric acid, cases which will be discussed further below. 

In the case of the @-keto-aldehydes, as in the case of the @-diketones, 
four forms are possible: keto-aldehyde, aldo-enol, keto-enol, and di-enol. 
Practically, however, the situation is somewhat simpler than in the case 
of the (-diketones, for usually, as experience has shown, the keto-enol 
form is the most stable 17°: 


H 

0 SORE, 
| NOH. 
0 


188 See, for example, the investigations of KNorR on the diacetyl- and the diben- 
zoyl-succinic acid esters ’ 


CH,—CO-CH-COOC,H, (C,H;) 


Ann., 293 (1896) 70; 303 (1898) 133; 306 (1899) 332; Ber., 44 (1911) 1138. 

169 L. CLAISEN, Ann., 291 (1896) 25. The almost simultaneously discovered isomer- 

ism of formyl-phenyl-acetic ester, W. WISLICENUS, Ann., 291 (1896) 147, was later 

recognized as a case of stereo-isomerism (Compare This Text, p. 308, footnote 146). 
170 L. CLAISEN, Ann., 281 (1894) 310. 
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Because of the terminal hydroxymethylene group, this class of compounds 
is therefore known also as that of the hydroxymethylene-ketones. 


(e) Lypes of Tautomerisms Related to the Keto-Enol Tautomerism. 
Review 


Among the tautomeric compounds in which there is, as in the case of the 
desmotropism of the keto- and the enol-form, a reactive hydrogen atom 
attached to an atom adjacent to a multiply-bound atom, and which may 
shift or migrate accompanied by a shift of the double bond, are, among 
the most important types, also the following: 


GH ie oy C—OH 
=— | — |i 
C—=Nt C—NH, NH N 
Ketimide En-amine 171, Lactam Lactim, 
(2-16) C—OH N= © N—OH 
| eo | — 
O—H O ; C—Fi (es 
Intramolecular migration of Nitroso Isonitroso, 


the hydrogen in the carboxyl group 


Picil Lie eld 
ON=O ON—OH CH C C=C oan 
| = J | = | = | 
C—H C C=N C=NH C—H C 
Nitro Jsonitro, Tautomerism of the PT IT 
cyanogen group, Three-carbon-atom 
Cyanide-Nitrile, En-imine tautomerism. 


(f) Ketimide-enamine Tautomerism 


The constitution of the compounds coming under this heading, which are 
formed by the action of ammonia or of organic bases on compounds that exhibit 
keto-enol-tautomerism 172, can be derived and determined with absolute 
certainty just as little as in the previous case ™°. Their reactions may be 
represented, as for example in the case of the reaction-product obtained 
from ammonia and acetoacetic ester, partly by means of the formula for 
an aminocrotonic acid (ene-amine = enamine), and partly by means of the 
formula for a 2-imino-butyric acid ester (ketimide) : 


171 G, WirTic, Ber., 60 (1927) 1088, footnote. 
172 As for example, acetoacetic ester: H. PRECHT, Ber., 11 (1878) 1193; C. DUISBERG, 
Ann., 213 (1882) 166. For hydroxymethylenecamphor, see L. CLAISEN, Ann., 281 


(1894) 355- 
1738 J, N. COLLIE, Ann., 226 (1884) 320. 
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CH,—C =CH—COOC,H,; CHesrfomdiean be ees 
| and ; 

NH, NH 
8-Amino-crotonic acid ester 6-Imino-butyric acid ester. 


Even though in this and in other cases important and weighty chemical 
reasons 174 argue in favor of the enamine formula, a final decision in favor 
of this formula was possible only on the basis of a determination of the 
molecular refraction 1”. Strikingly enough, the equilibrium, both in the 
melt as well as in solution 176, for the most varied compounds which could 
possibly show ketimide-enamine tautomerism, lies entirely on the side of 
this one possible form 1’. 


(g) Lactam-Lactim Tautomerism 


Lactam-lactim tautomerism !*8 governs the reactions of the acid amides. 
So far as has been determined at present, the acid amides are always known 
to exist in one form only. This form has for a long time been held to be 
the true acid amide or lactam form 17°. The attempt, by a comparison of a 
suitable physical property 18°, such as selective absorption of light, to come 
to a decision as to the structure of a tautomerizable acid amide, and such 
derivatives there-of as are not tautomerizable, has been successful in only 
a very small number of scattered cases 81, 

How careful in fact one must be, in any case, in an interpretation of 
similarities in the absorption spectra, is taught by the discussion 182 on the 


m4 P, Jacopson, Meyer-Jacobson, 2nd edition, I, 2 (1910) 775. 

75 K. v, AUWERS and W. SuSEMIHL, Ber., 63 (1930) 1072. 

“6 K. v. AUWERS and H. WuNDERLING, Ber., 64 (1931) 2748. 

“7 Completely analogous relationships are found among the compounds which are 
formed by the condensation of cyanides (J. F. THorPr and Coworkers, J. Chem. Soc., 
85 (1904) 1726, and many others; also K. von Auwers and H, WUNDERLING, Ber., 
64 (1931) 2758. 

"8 Originally A. von BAEYER, Ber., 15 (1882) 2102, had coined the designations 
lactam and lactim for the cyclic acid imides;: they are here applied to acyclic compounds 
of corresponding structure. 

“ For example A. Hantzscu, Ber., 35 (1902) 264. 

#0 The molecular refraction (O. Scumipt, Ber., 36 (1903) 2462) does not enable one 
to make a decision, such as seemed originally-to be the case: A. Hanrzscu, Ber., 64 
(1931) 663; furthermore, especially K. v. AuwErs, Z. physikal. Chem. (A), 179 (1937) 
61; Ber., 70 (1937) 964. 

#81 P. RaMART-Lucas and M. GRUNFELD, Bull. Soc. Chim. France (5), 4 (1937) 478; 
H. Ley and H. Sprecker, Ber., 72 (1939) 192; there, on Pp. 201, a criticism of the 
experiments made by A. Hantzscu, Ber., 64 (1921) 661, on the comparative ab- 
sorption of light by benzamide, and its imino-ether, and by dimethylbenzamide. 

? H. Bitz, J. prakt. Chem. (2), 145 (1936) 65; Ber., 69 (1936) 2750; 72 (1939) 807; 
H. FRoMHERz and Coworkers, Ber., 69 (1936) 2420; 71 (1938) 1399; F. ARNDT and 
B. Etstert, Ber, 71 (1938) 1551, 2040; K. A. JENSEN, J. prakt. Chemie. (2), 151 
(1938) 182. 
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work and papers of H. FROMHERZ, who believed that he could establish 
the constitution of uric acid by means of its absorption spectrum. 

In the case of a few of the cyclic acid imides, such as carbostyril and isatin, 
the circumstances and relationships are more favorable than in the case 
of the acyclic acid amides, though here too a decision between the two 
possible structures by means of the absorption spectra has made greater 
difficulties than had originally been anticipated 83. On the basis of its 
absorption spectrum carbostyril has been found to be a lactam; in the case 
of isatin the uncertainty still remains. 


isk 
AS 
We 
ee ter Aa 
| 
~ C=O C=O 
| | 
H H 
Carbostyril, the cyclic Isatin, the cyclic 
imide of cis-o-amino- imide of o-amino- 
cinnamic acid. benzoyl-formic acid. 


The absorption spectra of these substances are more similar to the spectra 
of their N-methyl derivatives than to those of their O-methyl derivatives, 
or imino-ethers. 

In the case of carbostyril (Fig. 29 1*4,) the difference relative to the imino- 
ethers, and the great similarity with its N-derivatives (Fig. 30), can be recog- 
nized very clearly 1°. In the case of isatin 186 on the other hand, the differ- 
ence between its spectrum and the spectrum of N-methylisatin relative 
to that of the O-methy] ether is so small that a structure-determination can 
not be based merely on the slightly greater “similarity” of the first two. 
Formerly, it is true, it was believed that greater differences had been 
observed also in the spectra of the N- and the O-methyl derivatives of 
isatin, but later it was found that the originally taken spectrum of the 
O-derivative was really not that at all, but was instead the spectrum of the 


183 W. N. HartLey and J. J. Dossie, J. Chem. Soc., 75 (1899) 640; compare also 
A. Korczynski and L, MaRcHLEWSKI, Ber., 35 (1902) 4337. As to the unreliability 
of these earlier measurements see: J. DABROWSKY and L. MarcHLEwSKI, Bull. Soc. 
Chim. France (4), 53 (1933) 946. 

184 R. A. Morton and E. Rocers, J. Chem. Soc., 127 (1925) 2698. Confirmation by 
H. Ley and H. Specxer, Ber., 72 (1939) 197. 

185 The same is true for «-pyridone and for N-methyl-«-pyridone on the one hand, 
and for a-ethoxypyridine on the other hand; similarly also for y-pyridone and its 
derivatives; see H. SpECKER and H. GAWROTSCH, Ber., 75 (1942) 1338. 

186 R. A. Aut, E. L. Hirst and R. A. Morton, J. Chem. Soc., (1935) 1653- 
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o-aminobenzoylformic acid, or of its ester 187 formed by ring-fission in the 
aqueous-alcoholic solution. Its absorption curve has also been included 
in the Figure 30. . 
The proof that in that methylisatin which shows an absorption most like 
that of isatin itself the methyl is attached to the nitrogen cannot be carried 
out by methylation of the isatin, since in this case the substance reacts 
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in aqueous alcohol after reaction (ring-fission) has taken place | 


tautomerically; it follows however from a transparent synthesis, starting 
from N-methylindole 189: 


PRS A SAGET aii Hiner and R. A. Morton, Joc. cit. footnote 186: On the 
instability of the O-ether of isatin, see also A. Hantzscu, Bey., 54 (1921) 1221. 

188 ¢ is the molar extinction coefficient, i.e. the reciprocal of the value of the layer 
thickness of a molar solution in which the original intensity of the light appears 
weakened to one part in ten. The smaller then the thickness of the layer which is 
found to absorb a certain amount of light, the greater is ¢. The greatest values of ¢ 
then show those parts of the spectrum where the substance absorbs most strongly. 
The extinction coefficient ¢ is related to the absorption coefficient x by the formula: 

€ = x*log e, since by the absorption coefficient we mean the reciprocal value of 
the layer-thickness for which the original concentration has decreased to the eth part. 

189 E, FISCHER and O, HEss, Ber., 17 (1884) 563; H.G, COLMAN, Ann. 248 (1888) 116. 
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Isatin and carbostyril are among those compounds on which the phenom- 
enon of tautomerism was first studied more accurately. The observations 
on this matter were, however, not made on the reactions of the compounds 
themselves, but rather on those of their metal derivatives: 

The sodium salt of isatin reacts with methyl iodide, or with dimethyl 
sulfate in aqueous solution, to give a methylisatin stable against hydrolytic 
influences, and which consequently, and because of its identity with the 
substance obtained as described above from N-methylindole, must carry the 
methyl group on the nitrogen atom 1%: The reaction-process will therefore 
be represented by the following formulas: 


ee nD) jo —- C=O 

*1 CE ial dearer a a 

Be C20 C=O NAT 
\f ah Jn 7 3 


Na + IGH, 


On the other hand, when the silver salt is treated with methyl iodide an 
isomeric methylisatin is obtained. This is readily hydrolyzed by alkali in 
the manner of the imino-ethers, with re-formation of isatin, and hence it 
must carry the methyl group on the oxygen atom: 

7 \——C=0 CH,! 


Py Se ON ee 
| Lee 
C—OAg i" ! bo cH,. + Agl 
\X po WIN 


According to this it seems as if the sodium salt were derived from the 
lactam form, and the silver salt from the lactim form of isatin. The behavior 
of the carbostyril silver salt, which reacts now so, now so, depending entirely 
on the experimental conditions, shows however, that in reality the relation- 
ships here are just as snarled as in the case of the metal salts of the ketc- 
carboxylic acid esters. The dry silver salt reacts with ethyl iodide to give 
the oxygen ether: 


199 A. y, BAEYER and Sp. OEKONOMIDES, Ber., 15 (1882) 2093; 16 (1883) 2193. 
lor further literature see MEYER-JACOBSON, Lehrbuch d. org. Chemie II, 3, 201. 


324 TAUTOMERISM V 


\ — \ 
a os ae +C,H;l = \ Re (ilies + Agi. 


In alcoholic solution and in the presence of alkali, on the other hand, a 
mixture of O- and of N-ethylcarbostyrils is obtained. 

Nevertheless it appears that here a partial exchange of the silver with 
the alkali prior to completion of the reaction is not excluded. However, as 
other examples, such as the alkylation of uric acid (pp. 325-6) show, even 
dry silver salts too, in the absence of alkali, can react with alkyl iodides to 
give N-alkylated compounds, so that it is impossible to justify quite gener- 
ally a formulation of the silver salts as derivatives of the lactim form. 

This lactam-lactim tautomerism is found furthermore among the cyclic 
acid amides with two and three nitrogen atoms. Of these we shall mention 
such as can react as hydroxy derivatives of pyrimidine, imidazole and 
symmetrical triazine. 

Malonylurea, or barbituric acid, can also be thought of as trihydroxy- 
pyrimidine, which can be formed by a triply repeated tautomeric shift: 


iid H i H 
C c ’ C 
ae ee AY 
OC Cet, 4 HOS CEO wm EOE cCion® “HG. 7) clams 
| iene hike | = 
H—N”) N=H7 Hon) NS ie ee ee ‘e | 
(aa i (Gea Gee a! Gal 
T i Tl 
O O O rs 


The transition by which once a keto-enol, and twice a lactam-lactim 
tautomerism appears, corresponds to the tautomerism of phloroglucinol 
(p. 317). The strongly acid nature of barbituric acid (k,; = 1.05 - 10-4, ice. 
about 5--6 times as strong as acetic acid) is due to the migration of a hydrogen 
atom of the methylene group to the oxygen; we have then, so far as the 
acid nature of the barbituric acid is concerned, in essence a case of keto-enol 
tautomerism. For the barbituric acids which are doubly alkylated on the 
carbon atom, as for example diethyl-barbituric acid or veronal, and which 


can undergo tautomerization only in the sense of lactam-lactim tautomer- 
ism: 


CB Cale CH Cas 
G=aCHi Gao HOG | 026 
pculet aigaas deer aislelay sAeadl ate 
a ota nt ge 
: : 


Veronal 
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are only very weak acids, in contrast to barbituric acid and the mono- 
alkylbarbituric acids. Therefore too, the first step of tautomerization above 
was formulated as taking place on the methylene group ™. 

With phosphorus oxychloride, barbituric acid reacts as a trihydroxy- 
pyrimidine, so that the bydroxyls are replaced by chlorine; on alkylation 
it behaves as if it had the formula of malonylurea. 

Uric acid, 2,6,8-trihydroxy-purine, a derivative of purine, a fusion of the 
pyrimidine and the imidazole rings, corresponds in its tautomeric behavior 
to barbituric acid. Here too tautomeric forms which le between the extreme 
trilactim and the extreme trilactam forms must be taken into consideration. 
With phosphorus oxychloride it reacts in the pyrimidine-imidazol form: 


OH Cl 
| H | H 
pod eworrs.2 20's feorelytf Wrorttes 
HOC14 1, A ante CieUul 1G ZA 
Sw Nw SN \N 


On methylation, which can be carried out with methyl iodide 1%? or 
dimethyl sulfate 183 and aqueous alkali at 0°, or by heating the dry lead 
salt with methyl iodide 1, the methyl becomes attached to the nitrogen. 
Hence here the sodium or the lead salts have reacted as if they were derived 
from the lactam form: 


O O CHE 
H ! | 
CS N CHL C N 
Seats es 4 Ph a a 
HN cc ba Se a an CH,—N C aie 
| | C=O + Alkali, | | C=0; 
Oo=C a Stepwise OC Cc Lo 
Ses Oo Ne NN SN 
H 4H | 
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The proof that all four methyl groups are attached to nitrogen is carried 
out by hydrolysis with hydrochloric acid, leading to methylamine only, 
but not ammonia. 

Diazomethane methylates uric acid both ways, partly on the nitrogen, 


191 Further examples similar to barbituric acid are given by H. BILtTz, Ber., 72 
(1939) 815. An explanation for the special strength of barbituric acid is given by 
G. SCHWARZENBACH, Helv. Chim. Acta 23 (1940) 1182. 

192 —, FIscHER, Ber., 30 (1897) 569 footnote 1; 32 (1899) 453- 

193 }{, Birtz and F. Max, Ber., 53 (1920) 2327. 

194 F]{, B. Hirt, also C. J. MaBery and H. B. Hit, Ber., 9 (1876) 370; 11 (1878) 1329; 
A. STRECKER, Ann., 118 (1861) 170 used the dry silver salt in his methylation of xan- 
thine to caffeine. 


326 TAUTOMERISM V 


and partly on the oxygen; the product formed is 1,3,7,8-tetramethyluric 
acid, or methoxyca/feine }%, 


O ‘s CH, 
| | | 
C Nw Zon ANY 
Fo tay tk 
CH,—N C Piss 3 CH,—N G ae, 
oy C—OCH, 200 hte, ort 
SN NN SNe “SNe 
ne a ere | 
CH; ‘CH, CH, CH, 
Methoxycaffeine I,3,7,9-letramethyluric acid, 


which can be rearranged on heating to 200°C. Substituted uric acids 
are also partially methylated on the oxygen in the 2-position. 

The details of the tautomeric behavior of uric acid are still more involved 
than here pictured, since we took into consideration only the trilactam 
formula. By means of special experiments it could be shown that the acid 
nature of uric acid depends on a tautomerization which leads to the forma- 
tion of a hydroxyl on either the 2- or the 8-position. It could be shown 
furthermore that in this process the hydrogen is taken from the atoms N? 
or N® but not from N!, or N?; the hydrogen on N® was found to be most 
strongly acidic, that on N? most weakly acidic 1%, 

As an example of a tautomeric triazine we may mention the cyanuric acid 
obtained by polymerization of cyanic acid. This too can be compared with 
phloroglucin 197; 


OH O 
II 
C C 
Za io ene 
NWN N BQ ETN PATE 
a ig eet 
HO—C G-On O=C C=O 
PSN aN 
H 
Cyanuric acid, Trilactim tso-Cyanuric acid, Trilactam, 


and the melamine of analogous structure 


~ 


195 H. Bittz and F. Max, Ber., 53 (1920) 2335. Also private communication. Com- 
pare also J. prakt. Chem. (2), 134 (1932) 316 etc. 

6 H. Birtz, J. prakt. Chem. (2), 145 (1936) 86; see first H. Bitz and L. KLEMM, 
Ber., 54 (1921) 1676, 1688. Most recently, Ber., 72 (1939) 807; there also for the theore- 
tical explanation and interpretation. See also Book II, Vol. III, Chapter XVII on 
Mesomerism of the Acid Amides. 

7 For the tautomerism of cyanic acid see more recently and in detail H. Bitz, 
Ber., 72 (1939) 811. According to the absorption spectrum the crystallized cyanuric 
acid resembles more closely the trilactam, tso-cyanuric acid, melamine more the 
tri-lactim form. See I. M. Ktorz and Tu. Askonnis, J. Am. Chem. Soc., 69 (1947) 801. 
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The cyanuric acid esters are formed from cyanuric acid via cyanuric 
chloride by reaction with sodium alcoholate 1°, as well as from the reaction 
of silver cyanate with alkyl iodide in the cold 1%*. The isocyanuric acid 
esters are obtained from solid cyanuric acid with diazomethane; the latter 
ean also be obtained from the cyanuric acid esters by rearrangement °°, 

Especially worthy of note is the fact that for both the forms of cyanuric 
acid the corresponding mercury salts are known *°!. The salt obtained from 
the free acid and a mercuric salt is stable toward alkali, and therefore to 
be regarded as mercuric isocyanurate, an N-Hg-II salt (the Hg-N-bond is, 
in general, not broken by alkali) ®°*. The salt formed from the interaction of 
sodium cyanurate and a mercuric salt in the cold is isomeric with the former, 
is decomposed by alkali under formation of mercury oxide and sodium 
cyanurate, and must hence be the mercuric cyanurate with the mercury 
attached directly to the oxygen 2°. 

Although then we cannot, on the basis of the chemical reactions, come 
to any certain conclusions as to the structure of the crystallized compound, 
C,H,O,N;, we can nevertheless find very weighty reasons 2°, to enter into 
which here would lead us too far, for favoring the formula of a trilactam, 
i.e. of isocyanuric acid 2°34, 208P, 

For cyanic acid too we might expect a tautomerism, similar to the lactam- 
lactim tautomerism: 


H—N=C=0. 2 N=C—O-H. 


— 


Up to the present, however, all of its reactions can readily be interpreted 
by means of the first formula; we know only of derivatives of the carbonic 


198 A.W. v. HorMann, Ber., 19 (1886) 2063. 

199 J, PonoMaREw, Ber., 18 (1885) 3261. 

200 On the rearrangement of the O-ethers into the N-alkyl derivatives see W. WISLI- 
cENUS, Ann., 312 (1900) 58, and A. HANTZSCH, Ber., 54 (1921) 1227. 

201 A. HantzscH, Ber., 35 (1902) 2717. 

202 Hf. Ley and H. Kirscu, Ber., 32 (1899) 1358 etc. Also H, Ley and K. SCHAEFER, 
Ber., 35 (1902) 1310. 

203 A. Hantzscu, Ber., 39 (1906) 139. 

203a They do not now, however, have their former authority of proof, and the whole 


problem of carboxy-amide tautomerism must be tackled again from the point of view 


of mesomerism (See pp. 335, 353; also Vol. II, Chapter XVII). 
203b F. ArNpT, Istanbul Univers. Fen. Fakiiltesi Mecmuasi 9, Vol. 1 (1944) 19. Also L. 


ERGENER, Ibid., Ser. A15, Vol. 2 (1950) 91 (in German). 
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acid-imide form, as for example the type of compounds usually known not 
as cyanic acid, but as zsocyanic acid, esters, CH,—N=C=0, the constitu- 
tions of which are given by their ready hydrolysis to CH,NH, and CO». 

For the sulfur compound of structure analogous to cyanic acid, thodanic, 
or thiocyanic, acid, the reactions are however in agreement with the nitrile 
form, H—S—C=N. In this case, it is true, we also know the esters of the 
iso-form, the mustard oils, which can be obtained, among other methods, 
by longer heating of the esters of thiocyanic acid: 


CH,—S—C=N —> CH,—N=C=S. 


Here however, we are dealing with a rearrangement that runs practically 
in one direction only, and it therefore seems unsuitable to speak of a 
“tautomerism”’ of thiocyanic acid and its esters (See also p. 402). 

The longest-known rearrangement-transformation in organic chemistry, 
the formation of urea from ammonium cyanate, and the corresponding 
formation of thio-urea from ammonium thiocyanate,—the latter leading 
to a measurable equilibrium—, should be mentioned briefly in this con- 
nection. In this case the reaction takes place via the dissociation products 
ammonia and acid," which can then re-add or join in two different ways: 








slowly slowly 

NHN CO pcan ae PUNE g she INC Ole See EE) ot 
rapidly 

NH, SCN isa Ng SCN eet ee a ee oe 


The addition of ammonia to the C=O- or the C=N-double bond, leading 
to urea, is also an otherwise quite general reaction. 

Taken all in all, the lactam-lactim tautomerism does not offer us as clear 
a picture as does keto-enol tautomerism. Strictly formally the formulas 
according to which the substances can react can be derived one from the 
other, simply by letting one hydrogen atom wander over from one atom 
to the second one beyond, and at the same time shifting a double bond over 
one place. But we must not overlook the fact that in the case of the acid 
amides, acyclic as well as the cyclic ones, it has never yet been possible to 
obtain, at least to isolate, desmotropic forms: That then no tautomeric 
equilibrium such as that between the keto- and the enol-forms has ever been 
observed. In view of the great number of examples investigated, this can 
scarcely be a matter of chance, but must rather have some theoretical back- 
ground. As a matter of fact a theoretical explanation for this can be given, 
although not by the tools and methods of classical structural chemistry, 
which have here reached the limits of their usefulness and achievements. 
To do so we need additional conceptions which will be discussed at another 
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point (Vol. Il, Book III, Chapter XVII). In this connection it will be found, 
by the way, that the LAaR oscillation hypothesis does not lead us as far 
astray for the acid amides as it does in the case of the keto-enol tautomeric 
compounds. 


(h) Nztroso-[sonitroso Tautomerism 


The tautomerism of the nitroso- and the tsonitroso compounds is a rather rare 
phenomenon, because the isonitroso form is usually by far the more stable, 
and remains intact in almost all transformations. In the aliphatic and the 
alicyclic series such tautomerizable nitroso-compounds are not known with 
certainty, but rather only their isomeric isonitroso compounds, the oximes 
of the ketones. If the nitroso group is introduced by any type of reaction 
to acarbon atom other than a tertiary carbon atom, the compounds resulting 
are either the products of isomerization or substances of double the mole- 
cular weight. These latter can of course react tautomerically in such reac- 
tions as lead to substances of simple molecular weight. Thus, for example, 
when pinene nitrosochloride obtained by addition of nitrosyl chloride (from 
ethyl nitrite and hydrogen chloride) to pinene, is treated with sodium 
alcoholate to remove chlorine, the resulting product is nitrosopinene, 7” 
the constitution of which is proved by careful reduction to pinocamphone- 
pxime 205; 





CH, 
~H 
N-OH 
2 
Pinene Pinene Nitroso-pinene Isonitroso Pinocamphone 
nitrosochloride pinene oxime. 


In the case of certain aromatic nitroso-compounds, tautomerism involving 
a change in the bonding-state of the benzene ring may occur; thus for 
example, f-nitrosophenol and quinone-monoxime are identical a06* the 
substance behaves like a typical tautomeric substance: 


HoO-< _Y—N=0 = o={ _>=NOH. 


In the free state the substance is actually present as quinone-monoxime ; 


204 ©. WaLLacH, Ann., 245 (1888) 251. 
205 ©, WALLACH, Ann., 389 (1912) 186. 
206 }{. GOLDSCHMIDT, Ber., 17 (1884) 213; compare also A.v. BAEYER and H.Caro 


Ber., 7 (1874) 811, 967). 


330 TAUTOMERISM V 


in the salts we have derivatives of nitrosophenol. (The phenolic H is evidently 
more acidic than is the oximic H atom.) 

In the ethereal solution an equilibrium is established between the two 
isomers, containing 70 % quinone monoxime and 30 % of nitrosophenol, 
as is evident from a comparison of the absorption spectrum of such a solution 
with that of a solution of the non-tautomeric p-nitroso-phenyl methyl ether 
CH,—O—C,H,—NO 2”. 

The tautomeric transition from a phenolic structure with an aromatic 
nucleus to a quinoid structure is found also among the o- and the p-hydroxy- 
azo-compounds. The tautomerism of these may be mentioned here although 
it is mot a case of a nitroso-isonitroso tautomerism. We have: 


H 
. ert = | 
Ho-< —nw=n-¢~ \ = o-< >-n-n—<_S. 
——s Sy ee)” — = 
Azo-phenolic Quinoid 
In this case too the position of the equilibrium, which is found to vary 


with the solvent medium used 2°” 2°8 can be determined by means of the 
absorption spectrum. 


(1) Ntro-isonitro Tautomerism 


Experience shows that the nitro group, like the carbonyl group, also activ- 
ates an adjacent methylene group; it thereby creates a loose C—H-bond, 
which can split in addition reactions. Thus, when the primary nitro com- 
pounds are treated with nitrous acid, so-called nitrolic acids are formed, 
corresponding to the formation of the isonitrosoketones: 


H OH 


chy 
Stas? + O=N—OH = CH,—C—N—OH = CH,-C=NOH +4H,0O, 
: 
NO, NO, NO, 
as compared with 
CH,—CH, + O=NOH = CH,—C=NOH 
+ H,0O. 
CH,—C—O CH,—C=0O 


The nitro group itself is not so able to undergo addition as are the carbonyl 


#7” L. C. ANDERSON and M. B. GEIGER, J. Am. Chem. Soc., 54 (1932) 3064. For 
the measurement of the equilibrium see: H. H. Hopcson, J. Chem. Soc., (1937) 520. 
The deep-green 3-fluoro-4-nitrosophenol does not rearrange to 3-fluorobenzo-quinone- 
monoxime, H. H. Hopason, J. Chem. Soc., (1943) 89; H. H. Hopcson and D. E. 
NicHorson, J. Chem. Soc., (1940) 1268. 

208 P. RAMART-LUCAs, M.Martynorr, M. GruMEz and M. CHAUVIN, Bull. Soc. 
Chim. France, [5], 16 (1949) 901, on the light-absorption of the quinone monoxime in 


alcoholic (chiefly oxime), and in neutral and in aqueous alkaline (chiefly nitrosophenol) 
solutions. ; 
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and the nitroso groups. Bimolecular addition reactions according to the 
scheme, 


O Jeo 
XH + R—N = R—N—OH, 
No ne 


are not known with certainty ?°%. An intra-molecular reaction with the reac- 
tive hydrogen of the neighboring carbon atom, involving a shift of the 
double-bond, may however take place. This corresponds to the tautomeric 
shift in keto-enol isomers. 

Correspondingly, then, primary and secondary nitro compounds can 
react tautomerically: 


This tautomeri m occurs in salt-formation. The primary and the secondary 
nitro compounds can, like other compounds with reactive hydrogen, form 
salts. This salt-formation takes place only slowly. On acidification of the 
salt, a rapidly transformed substance precipitates out, at first readily 
soluble in alkalis, then after some time passing over into the only slowly- 
soluble, original nitrocompound. In the case of phenylnitromethane and 
some other nitro compounds, it has been possible to isolate the transient or 
labile iso-nitro form 21°, An equilibrium is established between the nitro 
and the iso-nitro forms, far toward the side of the former. In alkaline 
solution on the other hand, i.e., as a salt, the iso-nitro form is the more 
stable one. Because of its acid character, this latter is also known as the 
aci-form; the nitrocompound is known as a pseudo-acid. 


O 
a alkalis iN 
C,H;,—_CH,—N = + C.H,—CH=N 

No pure substance hee OH 
Neutral, nitro form, liquid. Aci-form (iso-nitro torm), melting 


point 84°C. 


The salts are written as the aci- or iso-nitro form, with the metal atom 
on the O-atom, as in the case of enols. The presence of the C=N-double 


209 Such compounds are probably formed by the action of alcoholic alkali on certain 
nitro compounds, and from sodium ethylate and suitable aromatic polynitro compounds. 
The addition products are quite stable; they are not obtained from the salts of other 
structure and alcohol. This will be discussed further on. See also A. Hantzscu and 
A. RINCKENBERGER, Ber., 32 (1899) 628; V. MEYER, Ber., 29 (1896) 849; C. A. LOBRY 
pE Bruyn, Rec. Trav. Chim., 14 (1895) 89, 151. 

210 A. F, HoLLEMAN, Rec. Trav. Chim., 14 (1895) 128; Ber., 33 (1900) 2913; A. 
Hantzscu and O. W. Scnuttze, Ber., 29 (1896) 2251. 
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bond in the compound liberated from the salt by acids is betrayed, as in 
the case of enols, by the addition of bromine 2". Furthermore, the aci-form 
reacts with ferric chloride 212 to give a characteristic, red-brown, color 213, 


(j) Tautomerism in Cyanogen Compounds 


In the case of nitriles we can foresee the possibility of a type of isomerism 
in which the triple bond is eliminated by a migration of a hydrogen atom 
to the nitrogen atom, leading to the formation of ketene-imines: 
CHS CEN; SSC eC SNE, 
or 
C,H.—CH,—C=N — > CH, CH=C—=NE: 

In the case of the simple nitriles, however, neither their physical prop- 
erties nor their reactions give any indications for the presence of the 
ketene-imine form. On the other hand toluene-sulfonyl-malononitrile, 
C,H,SO,—CH(CN),, is ‘‘enimided” to a considerable extent: 


C,H,SO,—CH PE FESS ORSE 214, 
>+C=N Cee NE 


(k) Three-Carbon-Atom Tautomerism 


In the final effect, the three-carbon-atom tautomerism consists in the shift 
of a C=C-double bond accompanied by the migration of a hydrogen atom. 
Usually the double bonds in an unsaturated compound lie quite firmly in 
place, and can be moved about only by the use of quite energetically acting 
reagents, such as alkali metal, alkali alcoholate, or acids, depending on the 
nature of the compound. Usually in such cases when the shift of a double 
bond is involved, we deal with a rearrangement. If however certain con- 
stitutive peculiarities are also present, then the rearrangement may easily 
take place in such a way that it is more useful to speak of a tautomerism 215, 

The differences in the velocities of reaction on which the matter depends 
in this case are clearly evident from a comparison of the unsaturated acyclic 
and cyclic ketones. In the aliphatic series the synthesis and handling of 

11 A. Hantzscu and H. KisseEt, Ber., 32 (1899) 3137; K. H. Meyer, Ber., 47 
(1914) 2374. 

212 A. Hantzscu and O. W. Scuuttze, Ber., 29 (1896) 7o1, 2255. 

*18 For a detailed study of the chemical behavior of the nitroparaffins, see R. JuN- 
NELL, Dissertation, Uppsala, 1935. CN 

"14 For further details on this compound as well as on malononitrile, CH, 
see pp. 360 and 380. NCN 

215 On the three-carbon-atom tautomerism, see also R. P. Linsteap and E. G. 


Nose, J. Chem. Soc., (1934) 610, 614; also G. A. R. Kon and K. S. Narcunp, /. 
Chem. Soc., (1934) 623. 
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w, 8- and of 8, y-unsaturated ketones offers no difficulties. Thus different 
ketones may be formed from the chlorides of «, 6-unsaturated acids and of 
8, y-unsaturated acids by the use of zinc Grignard reagents: 


or CH BE CH 0 Cl 
C_CH,—COCI+ Zn Set PCC CCH t war | 4 
BH. cH~ NI CH,—CH~ ae 
and 
Pe CH, gs Bot et CEL eeC HT O Cl 
' Rea py serie tag Tor eet ert. ize 


In the presence of sodium ethylate these ketones with an open chain 
only slowly rearrange to the equilibrium (tautomeric) mixture. 

In the case of cyclic compounds the synthesis of the isomeric ketones 
does not succeed; already during the synthesis itself the more stable isomer 
is formed. Thus from the two different chlorides of cyclohexenylacetic acid 
and of cyclohexylideneacetic acid we obtain the very same cyclohexenyl- 
acetone 216; 


peeeOCie el. 2 sales 
— —C— n 
eee ian O Cl 
N A 5 
OF ars 4 Zn 


iil sir 


ZO 7CHs x 
es + Zn oe u 
eo 


H H 
In the case of reactions which take place only slowly relative to the rate 
of isomerization, the acyclic ketones react just as tautomerically as do the 
cyclic ones. With sodium malonic ester the above mentioned acyclic, as 
well as the cyclic ketones, react to yield derivatives of dihydroresorcinol, 
regardless of where the double bond may be: 


O O 

ea wa 

On cae te Rossa 
WH = 


H 
+ Na—C—H 
re. 
(COOC,Hs5)s 
Pe 
Agel ZO 
v, >CH, CH,—C 
- eas 8 = SCH, 
aN Cia eae NOCH 
eh pO G L0th FE | + NaUWstts 
eon cal COOC,H,; 
COOC,H, 


216 S F, Brrcu, G. A. R. Kon, W. S. G. P. Norris and J. F. THORPE, J. Chem. 
Soc., (1923) 1361. 
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Whether other reactions otherwise only characteristic of «, 6-unsaturated 
ketones are also exhibited by the compounds which must be considered 
as the 8, y-forms has not yet been investigated. An example would be the 
formation of ketoxido compounds with alkaline hydrogen peroxide °"”: 

—C=C—C=O0 — —C—C—C=0. 
=O) a8 

Corresponding phenomena of tautomerism are also observed in the reactions 
of the unsaturated nitriles 248 and the unsaturated malonic acid esters 71%. 
Furthermore, we have, in the case of the substituted glutaconic acids, 
HOOC—CH,—CH=CH—COOH, all possible intermediate stages between 
the mobile, or labile, the slightly mobile, and the immobile, double bonds. 

This classification of compounds into such with “‘firm” or “‘rigid’’, and 
those with ‘‘mobile’’, double bonds, as can be done for example in the case 
of the acyclic and the cyclic unsaturated ketones, is possible because of the 
great differences in the velocities of isomerization. But there is now one 
reaction which takes place only in the case of a high velocity of isomerization ; 
that is, alkylation with sodium and alkyl halide. In this reaction the original 
position of the double bonds, whether in «, 8 or in the 8,y-positions, is of 
no importance. As a result it has not been possible heretofore to carry out 
this reaction in the case of the unsaturated acyclic ketones, but it has been 
possible in the case of the cyclic ketones. In the case of the latter we may 
cite as examples the «, f-unsaturated cyclopentylidenecyclopentanone, as 
well as the 8, y-unsaturated cyclohexenylcyclohexanone 22°: 


CH, 


i 


| 
O 


o CH, 
eae se >< PS 
FEVERS CH,I re Se 
|| 
O : O 


217 FE, Weitz and A. SCHEFFER, Ber., 54 (1921) 2327; compare also This Text, 
PP. 595, 612. 

a6 S. F. Brrcw and G. A. R. Kon, J. Chem. Soc., 123 (1923) 2440. 

*° G. A. R. Kon and E. A. Spricut, J. Chem. Soc., (1926) 2727. 

© Compare G. A. R. Kon and J. H. Nutianp, J. Chem. Soc., (1926) 3101. It is 
not, however, possible, by means of this reaction, to give any really very sharp limit 
between ‘firm’? and ‘‘mobile’’ double bonds, for the differences observed in the 
velocities of alkylation are too great. Thus, for example, up to the present time it 
has not been possible to carry out an ethylation of cyclohexenylcyclohexanone. 
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In the cases here described, the shift of a C=C-double bond occurs more 
or less readily under the influence of an alkali metal or alkali ethylate, as 
well as in Grignard syntheses. This indicates that metal organic compounds 
are involved in some way in these rearrangements. The details of the courses 
of these reactions have not yet been clarified. In our discussion of the un- 
saturated compounds with conjugated double bonds, for the reactions of 
which the formation of alkali organic compounds is of great significance, 
we shall enter more deeply into a consideration of the interaction between 
doubly bound carbon and an alkali metal atom (Compare Chapter VIII, 
Section v, especially pp. 633-641). 


(vit) CAUSES OF KETO-ENOL TAUTOMERISM AND OF 
RELATED PHENOMENA OF TAUTOMERISM 


(a) Prototropism and Electromeric Effect 


The desmotropic keto and enol forms transform, or pass over, one into the 
other by way of the migration of a loosely-bound hydrogen atom,—the loose- 
ness of bonding of which is for the time being simply accepted as a matter 
of experience,—from one (carbon) atom to a neighboring atom, accompanied 
by the shifting of a double bond. The same is true for compounds the tauto- 
merism of which is related to keto-enol tautomerism. In order that a sub- 
stance can react tautomerically in the sense mentioned, it must for one thing 
contain, or be able to form, a loosely bound, or mobile, hydrogen atom, and 
2 displaceable double bond. In place of the double bond it may also, as shown 
by the example of the cyanogen group, contain a suitable triple bond. 
Therefore in a tautomeric transformation of the kind here considered two 
processes appear to be related one to the other. One of these involves the 
migration of the hydrogen atom, or, more correctly, of a hydrogen nucleus, 
ie. a proton, since the hydrogen does not take its electron along on this 
migration. This process is briefly called prototropism. The second process is 
a shift or migration of the double bond, which means the same thing as a 
change in the electron distribution ; for this reason the participation of elec- 
trons in the change of structure is designated as an electromeric effect >}. 


221 The concept of an electromeric effect was created or proposed by C. K. INGOLD 
and E. H. Incoxp; J. Chem. Soc., (1926) 1310; the term itself was however coined 
only much later; C. K. INGorp, J. Chem. Soc., (1933) 1124, 1126. Compare also Chem. 
Reviews, 15 (1926) 231. F. ARNDT originally called the electromeric effect enotropism 
(Ann., 499 (1932) 236). The viewpoints presented in this paper are essentially those 
that have been used as the basis of the present discussion. Compare also the following 
papers: F. ARnpt and C. Martius, Ann., 499 (1932) 228; F. Arnpt and H. SCHOLZ, 
Amn. 510 (1934) 62; F. Arnpt, J. Chem. Soc., (1935) I. 
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In no case does a simple intramolecular oscillation of the hydrogen atom, as 
was once postulated and thought possible by Laak, take place. This hypoth- 
esis of LAAR 222 can furthermore not be brought into conformity with the 
fact first discovered much later,—that the transformation of the keto and 
of the enol forms of the -keto-esters proceeds only very slowly, even at 
higher temperatures, when all catalytic influences are eliminated: Indeed, 
as K. H. MEYER 223 has shown, it is possible to separate the two forms by 
distillation in quartz vessels (p. 307). 

Any hypothesis that is intended to explain a transformation of the two 
forms one into the other must be able to take into account the strong 
catalytic effects of hydrogen and of hydroxyl ions on the velocity of the 
tautomeric transformation. In the present state of our knowledge on the 
courses of reactions it will be necessary to resort to pictorial or graphic 
formulas that aim to represent visually the individual steps of the process; 
these formulas cannot however be strictly proved as correct, and they 
therefore possess a more or less hypothetical character. Thus by means 
of the electron theory of valence, ARNDT and Martius have visually repre- 
sented the catalytic effect of the hydrogen ion in the enolization process 
as follows 774: 


H 7 H 
| Pn i 
ba PS 4+. Ht | i= BR @ § Shall al EL 24 8 
aA Ds: Ree, eo eae Ne. 
Racin ioukes We | Ry:C:C R,| Some Ri: Cic:R, 
Ht es lig i H 
Ketone, octets only “Hydroxy-carbenium”’ ??6 Enol, octets only 


cation with a sextet on 
the carbon atom to which 
the O-atom is attached. 

Both of the two processes that are necessary for the creation of a keto- 
enol tautomerism, as well as of related tautomerisms, i.e. the prototropic 
and the electromertc effects, °° ?2”7 may be due to and subject to quite different 
constitutional influences. For an understanding of the phenomena of tautom- 
erism on a constitutional basis, it will be necessary to consider two ques- 
tions and problems separately: 1) Which constitutional influences tend to 
make a proton mobile ? and 2) Which constitutional influences make possible 
or favor the electromeric effect, ie. a more or less great mobility of the 
bonding electrons? 


222 C, Laar, Ber., 19 (1886) 732. 


223 H. H. MEYER and V. ScHOLLER, Ber., 53 (1920) 1410; K. H. MEYER and H. 
Hoprr, Ber., 54 (1921) 579. 


: 224 EF. ARNDT and C. Martius, Ann., 499 (1932)_259; compare also H. B. Watson 
Trans. Faraday Soc., 37 (1941) 713. ' 


ehh: , F eth ; 
Carbenium is here equivalent to the ‘“‘carbonium”’ of the American literature. 
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(b) Prototropism 


“Mobility”, “loose bonding”’, “‘reactivity’’ of the hydrogen in this case 
always means the same as the dissociation of the hydrogen as a cation 226 227, 
Since compounds that contain an ionizable hydrogen are acids, such sub- 
stituents as positively influence the ionization of the hydrogen are known 
as “acidifying substituents’. This acidifying action appears when the sub- 
stituent in question is attached to an atom which is attached at the same 
time also to at least one hydrogen atom. While in general the nature of 
this atom is gzalitatively irrelevant, quantitatively the differences in the 
the acidity appearing are, however, exceedingly great. Best known is the 
acidifying action of substituents in the case of a hydrogen atom united 
to an oxygen atom in the hydroxyl group; the atomic groupings 


0 
—C—OH, C=C—OH, C,H,OH, —SO,0H 


are good examples thereof. A hydrogen atom attached to a nitrogen atom 
is made much less acidic by the same substituents than is one attached 
to an oxygen atom: For example, the hydrogen in the atom-group of the 


, 7 NH, ae 
acid amides, ace , exhibits only weakly acidic properties; least of all 


is the effect on the hydrogen atoms attached directly to a carbon atom. 
The order in the effect of the various acidifying substituents is, so far as 
known, the same in all cases, so that a series can be established for these 
substituents in which they are arranged as follows in the order of ascending 
acidifying action: 


O 
eek = th “ai 
~c=0 me —CsN ae S50, a ssa 
Carbonyl Cyano group Sulfone group Nitro group 


That the sulfone group acts more strongly acidifying than does the 
carbonyl group follows from a comparison of the easily measured acidities 
of the sulfonic acids, R—SO,OH (k — 1071), and of the carboxylic acids 
(k — 10-5), in which the hydrogen atom attached to the oxygen atom of 
the hydroxy] is the one that is made more acidic. In the case of a hydrogen 
atom attached to a nitrogen atom in the amino group we have a difference 


in the same direction: Sulfonic acid amides, 
Pas! 
R—SO,—NH, and R—SO,N—R, 


both exhibit sufficient acidity to dissolve in aqueous alkalis to yield salts 


226 Compare in this connection the presumption already hazarded in 1900 by 
W. WIsLICENUs and which is quoted in detail on p. 390, footnote 335. 
227 A. LapwortH, J. Chem. Soc., 81 (1902) I511. 
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of the types [R—SO,—NH] Na and [R—SO,—NR] Na (for the separation 
of primary and secondary amines by way of the benzene-sulfonamides 
according to the method of H1NsBERG) ; while carboxylic acid amides, which 
are insoluble in water, are also insoluble in aqueous alkalis, though in the 
absence of water it is possible to prepare the salts. Two sulfonyl groups 
strengthen the acidic character of the imide group very much; thus dimesy! 
imide, (CH,;SO,),.NH "8, is a strong acid ??°. (Mesyl is used as an abbreviation 
for the acyl residue of methanesulfonic acid, CH,SO,OH.) 

Three sulfonyls even suffice to exert a strong acidifying effect on a hydro- 
gen atom attached to a carbon atom, giving rise to a strong acid. A solution 
of triethylsulfonemethane, HC(SO,C,H;)3, in a 0.01 molar solution exhibits 
a pH of 2.16 and a value for the conductivity that indicates almost complete 
dissociation *%°, For dimethyl- and diethylsulfonemethanes the dissociation 
constants may be estimated as only ro-!? to 10-1! 23°, though even here 
some acidity is certainly already evident. In the case of a monosulfone such as 
dimethylsulfone, (CH3),SO,, a still weaker acidity must be assumed, though 
here too a partial dissociation into proton and anion does take place 2, 


| The Diazomethane Reaction. 


In order to recognize an acidic hydrogen atom, just as for the determination 
of the strength of the acidity, there has been used at one time, for the 
examples just mentioned, the dissociation constant in aqueous solution, at 
another time the capacity for salt-formation with strong bases. While it is 
true that the dissociation constant does yield an exact measure of the strength 
of the acidity, it can however be determined only when the substances 
to be compared are both sufficiently soluble in water 2%!@, Salt-formation 
with bases on the other hand permits of only coarse comparisons. For this 
reason it is very important that there is still some further means for recogniz- 
ing acidic hydrogen, namely diazomethane, CH,N,. This substance reacts 
with acidic hydrogen so that nitrogen is liberated, while the acidic hydrogen 
combines with the methylene radical to form a methyl group, e.g.: 


C,H,OH + CH,N, = C,H,OCH, + N,. 


228 B. HELFERICH, Anmn., 545 (1940) 178, 

229 B. HELFERICH and H. GRUNERT, Ber, 93) (1940) TE 30h 

230 E. SaMEN, Arkiv Kemi, Mineral. Geol., 14 B No. 28 (1941). For the case of 
the series of the trisulfonylmethanes, see also H. BOHME and R. Marx, Ber., 74 
(1941) 1667. 

231 J. HocHBERG and K. F. BonnHoeErrer, Z. phys. Chem. (A), 184 (1939) 419 (Ex- 
change of H for deuterium) 9 

*8ta The following values are available: CH;NO, ~ 10-11, R. JuNELL, Dissert. Upsala 
1935, p. 120; D. TURNBULL and S. H. Maron, J. Am. Chem. Soc., 65 (1943) 212. Also 
(CH,),(CN), ~ 10-2 according to G. E. K. Brancu and M. CALVIN, The Theory of 
Organic Chemistry, New York 1945, p. 269. 


. 
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It is true, however, that diazomethane does not respond to every acid 
hydrogen; if the acidity lies below a certain lower limit, it does not react. 
In the case of a reaction its velocity, as measured by the amount of nitrogen 
liberated in a given unit or interval of time, can, under certain assumptions 
and certain reservations, be regarded as a measure of the acidity ?%*. 

In this way it becomes possible to recognize finer shades of difference in 
the stepwise degree of the acidifying action of substituents; thus for example 
to differentiate in the case of the carbonyl group between the effects of 
the keto carbonyl and the aldehydo-carbonyl, as well as of the carbonyl 
group in the carboxylic ester group (Compare p. 345): 


O O O 

A A A 

wa =e aly o- Cas. 
“SR << EL 5 OR t 


As special examples for such finer differentiations we shall use a few 
compounds containing the sulfone group. Methionic acid methyl ester 
(methyl methionate), 


CH,—O—SO,—GH,—SO,—O—CH, **, 
reacts slowly, but, over a period of several days, completely, with diazo- 
methane to form the C-methyl derivative, 
Chenier oma 


CH, 
Trimethylene-trisulfone likewise reacts slowly to form triacetone-sulfone : 
(als 
/S0.—-CH SO 
H.C See ort CH. sts SO,. 
NEG. CH,” sone” 
/\ 
(CHg)2 


In the first example only one of the two acidic hydrogen atoms of the 
methylene group is converted to a methyl group 24; in the second case 


232 In the same way and by the same reasoning, A. Hantzscu (Ber., 50 (1917) 1444) 
first used the velocity of the decomposition of diazoacetic ester as a measure for the 
strength of carboxylic acids in the “‘non-ionizing’’ solvents. 

233 G, SCHROETER, Ann., 418 (1916) 167, 208. 

234 Under some circumstances it is necessary, in the case of the diazomethane reac- 
tion, to take into account the influence of a “steric hindrance” effect (Compare Vol. II, 
Book IV, Chapter XIX), or, more generally, in any kind of way the influence of 
neighboring substituents. Thus, for example, some phenolic hydroxyl groups do not 
react with diazomethane, although from the standpoint of constitution there 1s no 
reason to consider them as particularly weak acids. Possibly it is due to some such 
hindrance-effect as this that the second hydrogen atom in the methylene group of 
the methionic acid ester does not also become converted into a methyl! group. 
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all of the six acidic methylene hydrogen atoms are converted to methyl 
groups. Unlike the trisulfone, the dzsulfone, 


CH,—SO,—CH,—SO,—CH,, 


does not react with diazomethane, although like the former it also dissolves 
readily in dilute alkali, thus certainly containing an “‘acid’”’ hydrogen. The 
difference in the degree or strength of the acidity shows up only when it 
is subjected to the more finely differentiating reagent, diazomethane. When, 
however, the latter no longer reacts 293: 234, we are forced to resort to the 
coarser characteristics of differentiation: Thus malonic ester, 


C,H,OOC—CH,—COOC,H,, 


reacts with diazomethane just as little as does the above mentioned disulfone, 
but also fails to dissolve in alkali. This means that two carboethoxyl groups 
act much less acidifying than do two sulfone groups 2%, 

In the case of compounds that exhibit tautomerism, care must be taken 
in interpreting the results of the diazomethane reaction; this matter must 
be discussed further below 236 237, 


(c) Wrongly Assumed Relationships between Prototropism 
and Electromeric Effect 


The acidifying effect of substituents has here been taken first of all as a 
fact of experience which can be established qualitatively, and also more or 
less quantitatively, by various methods. There arises then the further 
question whether this mode of action, or this effect, is, or can be, in any 
way related to the constitution of the substituents. On considering the 
structure of the acidifying constituents this seems at first sight quite a 
simple matter, for it strikes one that all of these substituents contain 
double bonds when written in the classical notation of structural chemistry. 
So long then as we consider all double bonds to be of essentially the same 
nature, it is quite easy to ascribe the acidifying effect of all the substituents 
named above to a proton-migration associated with a shift of bond, resulting 


*88 For further information on the acidifying action of sulfonyl on methylene groups, 
especially for the case of unsaturated compounds, see also E. RotHsteEtn, J. Chem. 
Soc., (1937) 309. 

236 By way of a normal reaction, acetoacetic ester yields the enolether, i.e. o-methoxy- 
crotonic acid ester. H. vy, PECHMANN, Ber., 28 (1895) 1626; 30 (1897) 646. For a 
discussion of a side reaction, formation of ethylene oxide, see F, ARNDT and Cowor- 
kers, Ber., 71 (1938) 1640; 74 (1941) 1460. Compare also This Text, Pp. 310. 

*87 For the dependence of the reaction on the solvent in the case of acetylacetone, 
and the significance of the cis-trans-isomerism of the enol forms in this case, see 
B, EIstert, F. Arnpt, L. LoEwE, and E. Ayca, Chem. Ber., 84 (1951) 156. 
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in the formation of a more or less acidic hydroxyl, and involving a process 
such as takes place in the transition from the non-acidic keto to the acidic 
enol form. Thus for example: 


O O 
eee ert R—CH,-N —> R-CH=N” 
| SO NO 
O OH ts 
D280 O..+) OH O OH 
TRS! | | Mt | eoeree | 
ee and R-S—N | —» R—S=N—R. 
| ! | | oR l 
O H O O H O O O 


The function of acidity would then be exhibited only by a hydroxyl 
hydrogen which acquired this special property by the adjacency of a double 
bond. Because of its simplifying formalism this isa very tempting hypothesis, 
and one to which also homage was paid for a very long time, especially 
as one had succeeded in actually isolating desmotropic forms among the 
keto-enol tautomers and the nitro-compounds. According to this hypothesis 
tautomerism and acidity of a hydrogen atom seem to be logically and 
necessarily related, or in other words, prototropism and electromeric effect 
seem to be mutually causative. In spite of the fact that at first sight this 
hypothesis seems so illuminating from a structure-chemical point of view, 
it is nevertheless not true. 

Doubts may be raised first of all in regard to the above postulated tautom- 
erism of the sulfone group. In the case of sulfones, as for example the 
disulfones, which contain the one CH,-group clamped in between the two 
SO,-groups, it is remarkable that not only have two desmotropic forms 
never been obtained, but that not even derivatives of the form written 
above as an acid hydroxyl form have ever become known ***. Furthermore, 
the possibility of the postulated tautomerism cannot be derived from inter- 
molecular reactions (See p. 301) as in the case of the keto-enol tautomerism. 
No intermolecular reactions are known in which the hydrogen of a compound 
adds to an S—O-bond in a manner corresponding to its addition to a car- 
bonyl bond. This deficiency in the additive capacity of the S=O-bond in 
the sulfones can be explained by a refined conception of the type of chemical 
bond as furnished by the electron theory of valence (p. 37). According to 
this the “double bonds” in the sulfone group are fundamentally different 
from the double bonds of the C=O and C=C types; they do not like the 


238 See for example R. L. Suriver, H. C. Struck and W. J. Jorison, J. Am. Chem. 
Soc., 52 (1930) 2060, on the methods for the preparation of the sodium derivatives of 
the methylenedisulfones and the alkylability of these disulfones ; furthermore 
D. Greson, J. Chem. Soc., (1931) 2638. 
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latter contain a pair of double-bond electrons able to migrate, but rather 
a semipolar bond effected by means of only ‘wo electrons. 

Above all this, the sulfone group is not an ‘‘unsaturated” substituent with 
a double bond, and must not therefore be placed in parallel for purposes 
of comparison with substituents which do contain a true double bond formed 
by the participation of four electrons 78°. In this way it also becomes under- 
standable why in the case of the sulfones no tautomeric form, either as 
such or in the form of derivatives, can be detected. With the failure or 
absence of a tautomeric form, the above mentioned hypothesis however 
also becomes irrelevant. 

There is furthermore an objection in fundamental principles which can 
be raised against this hypothesis, and to which F. Arnpt 74° drew attention. 
For, in the final analysis, this hypothesis leads to the following line of argu- 
ment: The acidifying substituent first slightly loosens a hydrogen atom, 
or more accurately, a proton, on the neighboring carbon atom; this is 
thereby induced to migrate, under simultaneous shifting of the bonding 
electrons, to the oxygen where it really first becomes “‘acidic’’, that is, in 
other words, where it sits much more loosely attached than it was originally 
attached to the carbon atom! This however involves an internal contra- 
diction if the acidifying substituent is assumed to loosen a proton from one 
position in order to drive it to another position where it will sit more loosely 
still; it could rather be induced to wander only to a position where it would 
be attached more firmly. If now such a migration of a proton from a position 
where it is firmly attached to a position where it is held bonded more loosely, 
does actually take place, as is the case in an enolization, then it cannot, 
in any case, at least logically, be the same cause which induces both the 
loosening and the migration. Since we are dealing here with processes which 
take place in solution, it is a prerequisite assumption for the correctness 
of this conclusion that differences in the solvatation-energy of the isomeric 
anions remaining after the separation of the proton do not play any deci- 
sive role. 

So long as we simply accepted the acidic function of a hydrogen atom 


*s° By itself alone it would of course be possible to write the sulfone group also 
with double bonds; the sulfur would then be surrounded by 12 electrons in the outer 
shell. This method of representation would of course be in contradiction to the octet 
theory, but in the case of sulfur we are of course not dealing with an element of the 
first group, in which 8 electrons in the outer shell is the absolute upper limit, and 
indeed in sulfur hexafluoride we actually know a compound in which the sulfur is 
surrounded by 12 electrons. More weighty is the chemical experience made in this 
case, which is furthermore supported by the known physical properties according to 
which the sulfone group is and behaves characteristically different from the carbonyl 
group and the C=C double bond. 

240 F. ARNDT, Ann., 499 (1932) 231. 
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as an experimentally observed fact, without any relationship to the bonding 
states of the atoms in the molecules, with which, however, as we know 
today, it is indissolubly related, it was possible to pass over this internal 
contradiction. For this reason too, CLAISEN’s Rule 241, according to which 
the acidifying action and the tendency toward enolization are parallel 
phenomena, and which followed as a consequence of this theory, was able 
for a long time to enjoy general acceptance and recognition. This rule found 
experimental confirmation in a number of cases *#. Thus, for example, 
benzoyl is more strongly acidifying than is acetyl, as follows from the acid 
strengths of benzoic and acetic acids; and when we compare the positions 
of equilibrium between the keto- and the enol-forms of benzoyl- and acetyl- 
acetic esters we actually find that the benzoylacetic ester is the considerably 
more strongly enolized. Further examples may be found from the values 
of the enolization constants cited on p. 309. It is true of course that later 
on absolutely clear exceptions to CLAISEN’s Rule *4? became known, and 
these exceptions need no longer surprise us today (See This Text p. 311). 

All experimental experience, as well as all theoretically-well-grounded 
conceptions, today then lead us to consider prototropism and the electro- 
meric effect as two distinct processes, of which each in its own way is 
subject to constitutive inflvences *™*. 


(d) Electromeric Effect 


An electromeric effect is only possible when double-bond electrons are 
available, as already pointed out above by a comparison of the fundamen- 
tally different behavior of the carbonyl and the sulfonyl compounds. A 
comparison of this effect in various types of compounds, on the basis of 
experimentally determined facts, is not so easy. Unlike the case of proto- 
tropism, we do not here have available various reactions in which its effect 
can be separated out from other effects and studied in its pure form. One 
must here, in order to find footholds for purposes of comparison, go back to 
the transformation of tautomeric forms. Since in this case the electromeric 


241 [. CLAISEN, Ber., 25 (1892) 1763; Ann., 277 (1893) 296. Discussed also by ARNDT 
and Martius, Ann., 499 (1932) 231, footnote 2. 

242 | CLAISEN, loc. cit.; also K. H. MEYER, Ber., 45 (1912) 2849; 47 (taI4) 828; 
compare also K. v. AuwERS, Ann., 426 (1921) 179. 

243 For example, W. DIECKMANN, Ber., 55 (1922) 2472. 

244 See in this connection also R. CONNOR and D. B. ANDREwsS, J. Am. Chem. Soc., 
56 (1934) 2713 and R. CONNOR, C. L. Fremine Jr. and T. CLayToN, J. Am. Chem. 
Soc., 58 (1936) 1386. As regards the condensation of p-tolyl-benzylsulfone, which is 
not enolizable, with benzalacetophenone (Compare pp. 380-1) it is said that there activity 
of the sulfone etc. which is brought into reaction with benzalacetophenone is in no 
way related to its tendency to yield an enol-form. 
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effect works along together with the prototropic effect, it is important to 
be able to separate the results of the two effects. As a starting point for 
our considerations, it seems useful to know the position of the equilibrium 
of the tautomeric forms, for this can be determined experimentally rather 
easily. For a first approximation we may also neglect its variation with the 
solvent used, if we introduce as a measure for the position of the equilibrium 
the enol constant (p. 309) which is known to be almost independent of the 
solvent used. Now the position of the equilibrium is determined by the 
energies which are related to the protropism and electromerism (shifting 
of the double-bond electrons). The action of the prototropic effect is deter- 
mined by the magnitude of the “‘prototropic application of work” for trans- 
ferring the proton from a position of a firmer bond (as for example on a 
C-atom) to a position of looser bonding (as for example on an O-atom), 
in other words by the difference of the acidities of the two tautomeric 
forms 745, If to a first approximation we can set these differences as equal 
for various substances, as in our comparison of various keto-enol tautomeric 
substances, then a comparison of the positions of the equilibria gives us 
immediately a reliable indication for differences in the electromeric effect. 
In case this is not true, it will be necessary to evaluate approximatively the 
’prototropic work function”’, which is quite possible in a large number of 
cases, on the basis of the relations between prototropism and constitution 
discussed above 746, and then allow these values to enter into our calculation. 

In the case of keto-enol tautomerism, the amount of enol form present 
in equilibrium is normally so small relative to the keto form that usually, 
as in the case of acetone, it cannot be detected even by the most sensitive 
optical methods 247, 

By chemical methods, however, i.e. by means of a new bromometric 
titration method, a small amount of brominatable substance, probably of 
enolic nature, has been found in simple ketones. It is most abundant in 
cyclohexanone, where it amounts to 2.0 + 10-2 = 0.02 °%%, least in acetone 
with 2.5+ 104%; in between lie cyclopentanone (4.8 + 10-3 %) and di- 
acetyl (5.6 - 10-3 %) 248, 

The enol form makes its appearence in greater amounts only when, as the 
examples of acetoacetic ester and the 8-dicarbonyl compounds show, its 


*45 For a conceivable equilibrium in the gas-state, F. ARNDT and C. Martius, 
Ann., 499 (1932) 259, have set up a formal relationship between the *““prototropic work 
function” and the electromeric (there called the enotropic) effect. In this paper the 
effect of the solvent is also discussed at greater length than is here possible. 

#46 F. ARNDT and C. Martius, loc. cit., footnote 245, Pp. 265. 

*4? Most recently, H. B. Watson and E. D. Yares, J. Chem. Soc., (1932) 1208; 
as wellas E. V. Zappiand A. F. Wituiams, Bull. Soc. Chim. France (4), 51 (1932) 1266. 

248 G. SCHWARZENBACH and CH. WittweER, Helv. Chim. Acta, 30 (1947) 656, 660. 
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formation is tied up with the appearance of a conjugated system (p. 306). 
The tendency toward conjugation is then the “driving force’? which favors 
the formation of the enol form. Without the possibility of conjugation the 
electromeric effect of a carbonyl is so small that no measurable amounts 
of tautomeric forms are produced (For an exception, see below, (p. 346). 
The significance of conjugation for tautomerization was first recognized 
ee L HIELE *4°, 260. 

The shifting of the electrons necessary to produce a conjugated system 
takes place to different extents in the various groups capable of tautomerizing. 
It is greatest in the case of the aldehyde group, smallest in the case of the 
nitro-group; in the case of the sulfone group, as already mentioned, the 
electromeric effect is zero. On the basis of the position of the equilibrium 
of the tautomeric forms, and taking into account the prototropic work 
function, it is possible to arrange the electromerizable groups in a series 
according to increasing electromeric effect. This series appears quite different 
from the series of the same groups arranged according to their acidifying 
effect, to wit: 


5. = O O O 
A ZA 

5O,=0 < NO, < C=N approx. equal 251 hyAL yl asl pani elo tats 

Sulfone Nitro Cyano Carboxylic ester Keto Aldehyde group. 


That the aldehyde group is superior to the keto group in the electromeric 
effect follows from the fact that in rare cases it can enolize to a detectable 
extent even without the formation of a conjugated system, in particular 
when the adjacent hydrogen atom is made especially mobile by the presence 
of ‘wo sulfonyl groups: 


C,H ee or Pte Cepia: 
tf eso}4| pLulic ral dk REET 28) FRO hime 
ke eg 2 ett 0 Gre ON Test 


On the other hand, keto groups do not enolize to a detectable degree 
under similar conditions; thus 


Grr: eo 
ee “x-so,- | CH—C—CH, 23 
, ) 3 ee net I 
does not enolize. O 


249 J. THIELE, Ann., 306 (1899) 119. . - 
250 That other factors besides this also exert their effects, and influence the position 


of the equilibrium in an as yet unfathomable manner, has already been pointed out 
above in connection with cyclohexanone-carboxylic acid ester (Compare pp. 308 and 310). 
These factors have however an influence of much smaller magnitude than does the 
conjugation, and will therefore be left out of consideration here. 

251 F. Arnpt and L. Loewe, Ber., 71 (1938) 1629. 

252 F. Arnpt and C. Martius, Ann., 499 (1932) 272; Formula XXXI on p. 242. 

253 FF. Arnpt and L. Loewe, Ber., 71 (1938) 1629. 
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The constitutive prerequisites which must be satisfied in order that a 
compound may react tautomerically in accord with keto-enol tautomerism 
and related tautomerisms, or that it can appear in two desmotropic forms, 
are thus determined by a cooperation of the prototropic and the electromeric 
effects; the gradation of these effects as a function of the constitution can 
be estimated, and thereby an understanding can be obtained for the differ- 
ences in the positions of the directly experimentally observed equilibria. 
More, that is, an exact quantitative calculation, cannot be expected on the 
basis of presently available experimental as well as theoretical data. The 
problem of this type of tautomerism is not, however, thereby exhausted. 
For in it there is included not only the fact of the existence of tautomeric 
forms, but also that of their relative reactivities. At the same time we 
are dealing with the question of the position in a molecule at which the 
reactive and migratable hydrogen atom reacts as a function of the reagent 
and the experimental conditions used. Already even in the case of the diazo- 
methane reaction it is not always possible to predict uniquely and 
definitely the course to be followed by the reaction, so that the experimen- 
tally found results require an interpretation involving careful evaluation and 
criticism 254, This is especially true for compounds in which the methylene 
group is adjacent to the nitro group. Thus for example, compounds such 
as w-nitro-acetophenone, C,H,—CO—CH,—NO,, and #-tolyl-sulfonyl- 
nitromethane 25, #-CH,—C,H,'SO,‘CH,-NO,, react readily with diazo- 
methane to form nitronic acid esters, such as for example, 


JO 
ee ee or , 
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although they give no characteristic enol reaction for the aciform, nitronic 
acid, and dissolve only very slowly in aqueous alkali. Furthermore, several 
aromatic polynitro-compounds react with diazomethane, although without 
any methylation occurring on the aromatic nucleus. For the interpretation of 
the “indirect methylation”’ by diazomethane observed in the case of nitro 
compounds, as well as occasionally also in some others, we must refer the 
reader to the work and papers of ARNDT *** 255) and of HEINKE 75°, Much 
more thoroughly investigated than the reactions with diazomethane, and 
also much more important from a practical point of view, are the reactions 
of tautomeric compounds in which the hydrogen is replaced by metal, and 

#54 FF. ARNDT and C. Martius, loc. cit. ref. 252, p. 246 etc.; in greaterdetail, F. ARNDT, 
Istanbul Universitest Fen. Fakiiltesi Mecmuasi, New Series 1, No. 4, July 1936 (in 
German). 

466 FF. ARNDT, Js Chem. Sotgp4rgi5yiis 


86 Diazomethane and the nitro-amines, as well as aromatic nitro compounds. 
See J. L. HEInKE, Ber., 31 (1897) 1395. 
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the further transformations of the compounds thereby formed. The latter 
reactions are related to the reactions of the hydrogen compounds to the 
extent that the negatively charged residue of the molecule remaining, when 
either the metal ion or the proton separates off, is the same in either case. 


(v277) THE BEHAVIOR AND THE THEORY OF SALTS OF TAUTOMERIC COMPOUNDS 


(a) General Remarks 


Just as for the substances themselves, we can in principle set up two 
formulas for the metal derivatives of tautomeric substances; we have 
already made use above of such formulas to represent the courses of reactions. 
From the reactions, however, it is not possible to recognize whether the 
metal compounds can appear in two different forms. That this is not excluded 
is shown by the example of the isomeric pair of mercuric cyanate and mer- 
curic iso-cyanate (See pp. 326-7) ; it is true of course, however, thatt hese two 
substances do not as readily convert one into the other as do the typically 
tautomeric compounds. Otherwise, however, and this fact is very striking, 
corresponding isomerisms have not been observed in the case of other 
metals. Rather, on the other hand, in these cases only one form has been 
observed, just as in the case of some hydrogen compounds. This may be 
for the same reason: as in the case of some hydrogen compounds the equili- 
brium between the two desmotropic forms may lie entirely to one side or 
the other, so that if under the experimental conditions equilibrium is 
established very rapidly, only one form will be known. This conception, already 
sketched in the case of sodium acetoacetic ester (See p. 314), would offer the 
advantage that the metal derivatives could be viewed in fundamentally 
exactly the same way as the corresponding hydrogen compounds, and could 
therefore be considered as tautomeric compounds. The numerous attempts 
that have been made to give to this conception a theoretical as well as an 
experimental foundation have finally, after more than half a century, led 
to a realization of the fact that this is not valid. The concept of tautomerism 
is not applicable to the metal compounds, and must therefore be replaced 
by another concept, that of the mesomerism of the anion. This concept of 
mesomerism cannot be derived by the means of the principles of classical 
structural chemistry alone, but can be set in relation to them in a simple 
way, requiring only a few theoretical supplementations, so long as we are 
satisfied not to enter into a detailed treatment from the point of view of 
theoretical physics. This concept of mesomerism comprises far more phenom- 
ena than merely the modes of reaction of the anions of tautomeric sub- 
stances. It is however not our intention here to unroll the whole problem 
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of mesomerism in all its manifestations, but rather to treat it only in so 
far as is necessary for an understanding of the reactions already mentioned. 
In order to be able to emphasize the relations of the new concept to the 
auxiliary aids of classical structure theory, we shall, then, simultaneously 
describe the attempts that have been made to achieve as much as possible 
with the latter. 


(b) Structural Formulas for Compounds with Metals 


From the standpoint of classical structure theory, the first question to be 
raised and discussed is how in any case, and quite generally, one is to write 
the formula of a metal compound of a non-tautomeric substance. We have 
here at our service two opposite modes of presentation, the unitary, making 
use of the dash to represent the bond between two atoms, and the dualistic 
or ionic, in which no direct relations are expressed as between one atom 
and any definite other atom. That these bonding states as represented by 
the two modes of notation are actually merely extreme cases, has been 
discussed already on p. 30. The ionic method of representation will strike 
upon the truth the more so the more electropositive is the cation, and the 
more strongly electron-affinitive is the anion. If then we consider the formu- 
lation of the metal compounds of organic substances, we find that the 
mercury alkyls, for example, will, because of the relatively slight tendency 
of the mercury to part with its electrons, be best represented by the unitary 
notation, 
H,C—Hg—CH;,. 

Corresponding to this is also their inability to dissociate electrolytically 
in any solvent, as well as their volatility. In the same way, we shall, because 
of the correspondence of their physical properties with those of the mercury 
alkyls, choose the unitary mode of notation for the alkyl compounds of the 
electropositive zinc. On the other hand, the alkali alkyls exhibit a more 
salt-like nature; they are solid, not volatile without decomposition, and 
conduct the electric current electrolytically when dissolved in zinc diethyl 
solution,—although it is true that this does involve the formation of com- 
plex ions (See p. 192). Here too, however, there are also transitions to bonds 
of homoopolar nature, as is shown very well with increasing molecular 
weight of the alkyls in the homologous series of the lithium alkyls. (For 
further details see This Text, p. 728). If on the other hand the metal is 
combined with a group of strong electron-affinity instead of with a weakly 
electron-affinitive alkyl, as for example in sodium alcoholate, then it 
seems that only the ionic notation, Nat(OCH,)-, is appropriate. While it 
is true that we frequently hear the expression, “The sodium in sodium 


vile SALTS OF TAUTOMERIC COMPOUNDS 349 


methylate is attached to the oxygen’’, dating from a time prior to the 
formulation of the ionic theory, this manner of speech must now, in the 
light of the ionic theory, be understood to mean that the seat of the negative 
charge in the anion, which together with the sodium yields a salt-like com- 
pound, is the oxygen: Nat -OCHs. 

Due to the decreasing electron-affinity in the series oxygen-nitrogen-car- 
bon, the justification for speaking of an ionic structure in the alkali com- 
pounds does in general decrease. The extent to which such a structure is 
approximated depends of course also on the nature of the organic group 
attached to the nitrogen or carbon, as well as upon the nature of the alkali 
metal. (In this connection compare for example the above mentioned lithium 
alkyls). 

The faith we have in “structural formulas” for the metal compounds, and 
which are intended to represent them and their reactions, is now however 
quite completely and generally shaken by the reactions undergone by the 
simple inorganic salts,— be those structures in which we write a ‘“‘bonding”’ 
of the metal to a particular atom, or such that in the anion we assume the 
seat of the negative charge to be on some particular atom. Among these 
transformations are the reactions of the nitrites and of the cyanides with 
the alkyl halides and with dimethyl sulfate: Depending on the experimental 
conditions and the reaction partners used, these reactions lead to different 
vatios in the amounts of the possible isomeric types of compounds. As 
examples, we may cite the following experimental results: 

AgNO, (solid) + CH,I —> almost only CH,;—NO,, very little CH,—O—NO **”, 

AgNO, (solid) + C,H;I —> mixture of C,H;NO, + C,H;—O—NO **. 
concd, aqueous 


KNO, + (CH;),S0, ————————> about 25 % CH;—NO, + 75% CH;—O—NO 9, 
solution at 20°C 


AgCN (solid) + CH,I —» only CH,NC 2®, 
aqueous alcohol 


KCN + CH,1 ———————-— almost only CH,—CN + very little CH,;—NC 261 | 
solution 


concd, aqueous or 
KCN + (CH;),S0, ——————-—> about 75% CH;—CN + 25% CH;—NC™, *®. 
solution at o°C 


concd. aqueous 
KCN + (CH,),sO, ——_—_—_—_——_—— 2-3% CH,;—NC 259, 268, 

solution, warmed 
257 
258 
259 


MEYER, Ann., 171 (1874) 33, 35- 

MEYER, Ann., 171 (1874) 19. 

KAUFLER and C. PoMERANZ, Monatsh., 22 (1901) 495. 
260 GAUTIER, Ann., 146 (1868) I19, 124. 

261 Witiiamson, J. prakt. Chem. (1), 61 (1854) 60. 

262 —&. LINNEMANN, Ann., 148 (1868) 252. 
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These findings indicate that it is very doubtful in these cases whether 
the question of any particular atomic linking in the sense of the doctrine of 
structure of organic chemistry is at all justified; but at the least they show 
that the finding of an answer to this question by experimental methods is 
extremely difficult. The inorganic salts here considered do of course differ 
in their structure from the metal derivatives of the tautomeric compounds 
of the type of acetoacetic ester, in that in them both of the atoms on which 
one might represent the metal as attached, as for example, 


Ag—NO, and Ag—O—N=O, 


are directly adjacent, while in the case of the possible forms of acetoacetic 
ester and of related compounds, still another atom is inserted in between: 


Na—O—C=C and O=C—C—Na, 


so that the two cases are perhaps not strictly comparable. But the difficulty 
of drawing any conclusions as to a definite structure of the metal compounds, 
from the structure of the compounds obtained by chemical transformations, 
remains here as there. This difficulty is indeed greater than it may seem at 
first sight. 

How snarled and involved the relationships can be, may be shown by 
the example of the reactions of the silver salts of nitroform, HC(NO,)., 
which have been thoroughly investigated. In this case we find a marked 
influence of the solvent agent, and of other experimental conditions as well, 
upon the course taken by the reaction 263, 

The reactions of silver nitroform are of further special interest in that 
in the case of the mercury salt of nitroform 264, just as for nitroform itself 
in solution, it has been possible to demonstrate the existence of two forms. 
Its solutions in ether, benzene, and chloroform are, like the solid salt, 
colorless, and contain the C-mercuri-compound, 


(O,N);C—Hg—C(NO,), , 


which does not dissociate into ions; while in ionizing solvents such as 
particularly water, pyridine, and benzonitrile, a yellow anion, which one 


is inclined to look upon as the anion of the O-mercuri-salt, is present along- 


side of mercuric ion: 
265 
ee O 


Hg" + 2(0,N),C=NO 


= 
ae AS HANTzsce and 0.75, CALDWELL, Ber., 39 (1906) 2472. 


264 H. Ley and H. Kinz, Ber 32 (1899) 1366; H. Ley, Ber 5 
' _K P ae 366; H. ; ., 38 (190 : 
265 Jn the earlier editions these salts were written, ee 


h 2° ees t 
| a’. FETC, 
~O=2| 


| (O,N),>C=N 
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Other solvents, such as for example the alcohols, lead to the formation 
of both forms side by side; it is worth noting that with the increasing 
chain-length of the alcohol the amount of the C-mercuri-compound increases. 
Quite the same is true for the nitroform itself: the alkali salts, which are 
soluble only in ionizing solvents, are yellow in the solid state as well, and 
are to be written in the ionic form, 


jx Or 4 265 
(ON),C=NC Nat 


The yellow nitroform silver 2° can be obtained only as a hydrate with one 
molecule of water, the mode of bonding of which is not known. It is soluble 
in water, alcohol, and, remarkably enough, also in ether, while it is, for 
example, insoluble in benzene. 

The solution of this nitroform silver in water of 0° C reacts with methyl 
iodide to give roughly 90% methylnitroform or trinitro-ethane, CH,—C(NO,)s, 
and 10 % nitroform, H—C(NO,)3. In methyl or ethyl alcoholic solution 
at —1o0 to —15°C, the product is trinitro-ethane with only a small amount 
of nitroform: in ether at 0 to 6° C practically only trinitroethane is formed, 
with only traces of nitroform. If we consider the formation of nitroform as 
a consequence of the hydrolysis of the nitroform alkylated on the oxygen, 


Ziaee ae 
(O,N),C=N +HOH = (O,N),C=N + CH,0H, 

PeOCh, “OH 
—an assumption which can be justified by the readily occurring hydrolysis 
of the analogously constructed aci-nitrophenol esters ?®7—then on the basis 
of classical structure theory we can explain the observed results in any 
one of the three following ways: 

(x) In the solution, the silver salt behaves in principle like the mercuric 
salt, i.e. it is present as a C-salt and as an ion-dissociating O-salt in various 
quantitative ratios, depending on the nature of the solvent agent. The 
C-salt, Ag—C(NO,)3, and the anion of the O-salt, 


Betis 
(O,N),C=NQ | 


react with methyl iodide in a ratio depending on the nature of the solvent, 


and the C-salt in particular reacts the quicker, the less strongly ionizing 
is the effect of the solvent. 


266 A HantzscH and A. RINCKENBERGER, Ber., 32 (1899) 636. 
267 A. HantzscH and H. GorkE, Ber., 39 (1906) 1075. 
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(2) Only the ion reacts, but in both of its two conceivable forms °°; 
JO 
(O2N)3C © << Oe ae 


The velocity of reaction of the (O,N),;C™ ion is relatively greater in ether 
than in water. 

(3) The ion exists in only one form bearing the (negative) charge on the 
oxygen atom; this reacts with formation of the O-alkyl compound, which 
then either rearranges into the C-alkyl compound or is hydrolyzed. The 
quantity-ratio, trinitro-ethane: nitroform, is, according to this scheme, 
governed by the ratio of the velocities of the two concurrent and competitive 
reactions in the second stage of the reaction-sequence: 


O 
70 70 Bee (ON)C=NC 

(O,N),C=NZ CHI ie gp Ale fate pieces th rr 
In this case it would be entirely understandable that the hydrolysis proceeds 
relatively more rapidly in aqueous solution than in alcohol or ether solution. 
It was however impossible to furnish a proof for the possibility of the forma- 
tion of the C-alkyl compound by a rearrangement of the O-alkyl compound, 
since the O-alkyl-derivative could not even be isolated 2°, 

On the basis of available observational data, it is not yet possible to come 
to any definite and clear-cut decision in favor of any one of these three 
possibilities. 

Quite different from that of a solution of the yellow, monohydrate, form 
of nitroform silver is the reaction of an anhydrous molecular compound of 
nitroform silver with two moles of methyl iodide in either aqueous alcoholic, 
or in almost absolute alcoholic, suspension at —10 to —1 5°C: This reaction 
yields only nitroform. The necessary molecular compound obtained at —75° 
is likewise yellow, and will therefore still contain the characteristic state 
of bonding of the oxygen salts of nitroform: 


O 
(0,N),C=N7 
OAg~:++ 2CHI. 


The two molecules of CH,I are hence not to be assumed as added on to 
a double bond, but as to where and how they are bound still remains an 


*°8 This seems to be the opinion of A, Hantzscu, Ber., 39 (1906) 2473 below. 

269 The rearrangement of the aci-nitrophenol esters into nitrophenol ethers (A. 
Hantzscu and H. Gorke, Ber., 39 (1906) 1074) cannot be used here for purposes 
of comparison since in these reactions the alkyl groups migrate from an oxygen atom 
that is itself bound to a nitrogen atom, to another oxygen atom which is bound to 
a carbon atom, 
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open question. On heating alone, the crystals of the molecular compound 
decompose explosively, under ether or benzene suddenly at about +6° 
in both cases under a quantitative formation of trinitroethane athe 
this substance is formed direetly, or whether it is formed by federdteendent 
of a primarily formed O-methyl derivative, which in this case cannot be 
hydrolyzed as it would in the case of an alcoholic or aqueous-alcoholic sus- 
pension, cannot be determined from these experiments 2”, the less so as 
no further details are known as to the structure of the molecular compound 
such as whether, for example, the two CH,I molecules are both bound iA 
the same way. 

The reactions of nitroform silver have been presented here only in order 
to show what a multiplicity and wealth of phenomena one may meet under 
certain circumstances in the reactions of a metal compound. They are there- 
fore unsuited as a starting point for further considerations. It is simpler 
to consider the formula and the reactions of sodium acetoacetic ester on the 
basis of the classical structure theory. But here too we find that in attempting 
to describe the course of the reactions we soon come to the limits of the 
means of expression of classical structural formulas. We shall now, before 
entering into a discussion of any particular reactions, consider what we 
may expect them to achieve theoretically. 


(c) Mesomerism of the Anions of Tautomeric Substances * 


In whatever way we may conceive of the details of the process of trans- 
formation of a metal compound, one thing is certain: During the reaction 
the metal becomes a cation. This cation is, depending on the electron- 
affinity of the organic residue to which the metal is bound, and the nature 
of the metal itself, more or less exactly ‘“‘preformed’’ in the solid metal 
compound. It may then form completely prior to the reaction in the solvent 
used for the reaction; in this case we are dealing with electrolytic dissociation, 
and what reacts is not the metal compound, but rather its anion. The metal 
cation then plays exactly as small a réle as does for example the sodium ion 
‘n the neutralization of sodium hydroxide. Or on the other hand it may be, 


270 So far as regards the indirect proof of the primary formation, and of the fleeting 
existence of the O-methy] derivative, which HANTZSCH (loc. cit., ref. 268, p. 2474) seems to 
have believed he had furnished, there can be no talk whatever; though the possibility 
that this is so remains. In another paper HANTZscH (Z. anorg. allgem. Chem., 209 
(1932) 216 (last sentence of section 2)) expresses himself more carefully. 

271 See in this connection especially B, E1sTERT, Tautomerism and Mesomerism, 
Ahrens-Sammlung chemischer und chem. technischer Vortrage, edited by R. Pum- 
MERER, Neue Folge, 40 (1938) Enke, Stuttgart (in German). Also C. K. INGOLD, 
Mesomerism and Tautomerism, Nature 133 (1934) 946. The whole problem of mesome- 
rism is treated in detail in Vol. II, Book III, Chapter XVII. 
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in case the solvent agent used is not able to effect any electrolytic dissocia- 
tion, that the metal cation separates out from the non-dissociated metal 
compound, be this present either in the dissolved state or as a solid phase, 
by combining with halogen or an acid residue to form a solid heteropolar 
salt, and thus precipitate from the solution. 

However this may be, in some way or other the metal separates off, and 
the residual organic anion appears, and its further reaction-transformation 
leads to the final organic reaction product. The problem over which we may still 
argue is whether, corresponding to both the two possibilities sketched above, 
the free anion is created by the solvent, or only first by the attack of the 
substance which enters into reaction with the metal compound. We shall not 
here enter further into this question, because such experiments as would 
permit us to come to some decision in this matter have not as yet been 
performed. 

The anion is the same one as remains after the proton has separated off 
from the corresponding hydrogen compound. Since now there are two 
hydrogen compounds, and the anion is more or less strictly preformed just 
as is the metal cation in the solid metal derivative, it seems most likely to 
assume for the anion the same tautomerism as in the hydrogen compound, 
and hence, while in the case of the metal compound no tautomeric forms 
can be isolated, at least to assume such tautomeric forms as possible for 
the anion. In the case of the anion of sodium acetoacetic ester the negative 
charge would then be, in the case of one of the forms of the anion, on the 
oxygen atom, and in the other case it would be located on the carbon atom: 

CH,—C=C—COOC,H, CH. COUCH. 
hetaty and ee i 
O- H | OH 

As we see at once, the order of sequence of the atoms is exactly the same 
in the two formulas; it is only the valence bond dashes and the electrical 
charge, that is the distribution of the electrons, that is different. By means 
of these formulas then, we would express far finer shades of difference than 
are or can be expressed by the usual structural formulas. 

Structural formulas were originally intended to show, and to enable us 
to know, which atoms were in direct union with one another: they continued 
to fulfill this function even when, in order to be able to maintain the doctrine 
of the tetravalence of carbon, several different types of valence-bonding 
were introduced. These types of bonding, and with them the pictorial modes 
of notation used to express them, the bonding dashes, become, on the basis 
of more recent physical investigations, just as much a picture or image of 
reality as had formerly been the atomic symbols, for the valence bond came 
to be recognized as a valence-electron-pair. Thus there were found in these 
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formulas realities of which one had originally not thought. The structural 
formulas now suddenly represented not only the arrangement of the atoms, 
but also gave an approximate picture of the electron-distribution in the 
molecule. The types of bonding which had hitherto been more or less only 
an expression for certain characteristic differences in the reaction capacities, 
thereby suddenly attained a more far-reaching and a deeper meaning. 
Correspondingly, it became necessary, recently, to investigate the extent to 
which the symbols used were applicable to the actual relationships and 
circumstances. It was found that, by and large, as was discussed already on 
p- 33, the modes of expression and the symbols of notation of classical 
structure-chemistry could be translated without difficulty into the language 
of electron-theory ; only a few additions, such as the concept of the semipolar 
bond, were necessary. Nothing was changed with respect to the representa- 
tion of the stability of the atomic arrangement, which was the most impor- 
tant feature of the classical formulas. Whether, however, the electron- 
arrangement, such as follows from a splitting of a valence-bond-dash into 
two electron-point-dots, is stable in the same way as is the atomic arrange- 
ment, is, a priori, by no means certain. So as long as a compound contains 
only simple bonds, we may hold to this idea; as soon however, as multiple 
bonds are present, doubts arise (as for example in the formulas of formalde- 
hyde on pp. 33 and 35 with the octet and the sextet on the carbon atom). 
Furthermore, it is necessary to clarify the role played by the single electron 
pairs, which find no mode of expression whatever in classical structural 
formulas. The old formulas leave room for them only on unoccupied corners 
of the tetrahedra. We must, however, allow for the fact that the single 
electron pairs do not always simply occupy the free corner of a tetrahedron, 
but may under certain circumstances also be active in other ways, such for 
example as by coparticipating in other bonds, and thereby distributing 
themselves differently in the molecule. 

The problems here broached will be treated in detail only later on (Vol. II, 
Book III, Chapter XVII). Their answering leads to a broadening of the 
conceptual content of structural formulas, simultaneously connected with 
an increase in precision of our symbolism. It is then found that in certain 
cases, so far as concerns the electron-distribution, the classical symbols 
of the valence dashes cannot be simply, translated into the language of 
electron theory. The distribution of the electrons cannot be described by 
means of a classical formula. The electrons are situated rather between the 
positions indicated by two different classical formulas; in these, moreover, 
the atoms are otherwise grouped in the same way. The compound is then 
a mesomer, i.e. literally, with its structure normally lying ‘‘in the middle” 
between two limiting formulas. Here we shall discuss the concept of meso- 
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merism only in so far as is necessary to obtain an understanding of the reac- 
tions of the metal organic compounds. 

The anion of acetoacetic ester possesses one lone electron pair more than 
does acetoacetic ester itself. The classical concept of structure, which assumed 
a rigid electron-arrangement, would, as already stated, lead us to assume 
the existence of two different anions, differentiated only by the arrangement 
of the electrons within them. The new conception says, on the other hand, 
that these two anions do not lead any mutually independent existence; the 
distribution of the electrons actually lies between the distributions indicated 
by the two formulas, which are henceforth to be considered only as limiting 
formulas. External circumstances, that of solvent above all, may shift the 
state of the anion more toward the one or other side; such a shifting of the 
electrons toward the one or the other limiting formula can also be effected 
by reagents. As one sees, this conception does not really differ all too much 
from the classical conception. The chief difference relative to the older 
view is the denial of the independent existence of two forms in equilibrium 
with one another; it does this because the electron-arrangement in the 
anion is not a stable one, but is subject to constant changes; an electron- 
distribution corresponding to the one or both of the limiting formulas is 
approached only rarely ?’*. These changes take place in exceedingly short 
intervals of time. It is in this respect that the electromerism of the anion 
of acetoacetic ester differs from the 7somerism of acetoacetic ester itself. It 
therefore seems useful to limit the concept of tautomerism to isomers between 
which equilibrium is established rapidly, and in which a structural change 
in the sense of a change in the arrangement of the atoms takes place, and not 
to speak in general of tautomerism when one substance is able to react in 
accord with several formulas. This definition is suggested first of all by 
experience. Mesomerism on the other hand is a finer constitutive change, 
consisting only of a shifting of electrons. In contrast to a tautomeric struc- 
tural change, this shift takes place so rapidly that the normal state of meso- 
meric structures lies between two limiting formulas; the electrons are, so 
to say, ‘‘always on the move’’. The concept of mesomerism revives, in a 
certain way, the old oscillation-hypothesis of LAAR. While in the case of 
Laar’s hypothesis, the hydrogen atom was assumed to perform oscillation- 
migrations in tautomeric compounds, and was therefore not presumed to 
remain in any one particular position, we now have the electrons which do 
not remained fixed in any one position in the mesomeric structures as repre- 


272 That the electron-distribution corresponding to the one or other of the limiting 
formulas can never be reached fully is explained in the section on mesomerism in 
Vol. II, Book III, Chapter XVII. The reason and explanation for this fact cannot 
be given here. 
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sented by the anions of tautomeric substances. If the LAAR hypothesis 
had been correct for the tautomeric compounds, then every attempt to 
isolate two desmotropic forms would have been condemned, a priori, to 
failure (See p. 274). Since however this hypothesis in a revised and transferred 
form is applicable to the electron-arrangement in mesomeric substances, it 
must be considered a hopeless effort experimentally to isolate the limiting 
electromeric states. The recognition of this fact was indeed, since the concept 
of mesomerism does not follow with logical necessity from classical structure 
theory, finally arrived at as the result of unsuccessful attempts to prepare the 
isomers corresponding to the limiting states, as well as of studies on the 
transformation-reactions of mesomeric substances. The concept received 
further independent theoretical support from the field of theoretical physics. 

The formulation of the reactions of mesomeric substances does not differ 
very much from a concept developed by older investigators on the basis 
of classical structure theory; this has already been indicated above for 
sodium-acetoacetic ester. The readily suggested conception that in the case 
of its anion we are dealing with an equilibrium between two forms, need 
only be changed to the extent that what were formerly considered as two 
independently existing forms in a state of equilibrium, are now to be 
regarded as limiting states which are sometimes approached more or less 
closely, while normally the structure exists in a state somehere between the 
corresponding limiting formulas. This can also usefully be given expression 
in our symbolism by using in place of the usual symbol = placed between 
the two isomeric forms and indicating a tautomeric equilibrium, a new 
symbol <—-~> indicating mesomerism *7?; 

CH,—C—CH,—COOC,H, | CH;—C=CH—COOC,H, 


| a | 


O OH 


Tautomeric equilibrium involving a migration of the hydrogen atom. 


ei 62CH-—cO6C,H, CH. cH ctooca: 
|| <— 
O oe 
Mesomerism involving only electron-migration. 


In the case of structures which exhibit mesomerism, it might at first 
sight seem irrelevant to attempt to undertake the determination of a 


273 How closely a certain direction in the concept and understanding of the reactions 
of tautomeric metal organic compounds has come to the modern views here pictured, 
follows from the discussions of W. WIsLIcENUs reproduced in This Text on p. 312, 
footnote 335. These considerations led W. WIsLICENUS to favor a concept of the 
tautomerism of the metal-organic compounds in analogy to the tautomerism of the 
hydrogen compounds, although at the same time he did not close his eyes to the 
difficulties involved in this point of view. 
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definite structure by the classical method; according to this all previous 
attempts to determine the structural formula of sodium acetoacetic ester 
would be considered as in vain. But a critical evalution of these experiments 
shows that they were not entirely in vain, and that when the concept of 
mesomerism is used to replace the concept of tautomeric equilibrium, con- 
clusions drawn therefrom retain a meaning only slightly changed with 
respect to the older interpretation. Instead of asking the question as to 
what is the structure of sodium acetoacetic ester, we now ask how closely 
the state of the sodium-acetoacetic ester normally lies to the one or the other 
limiting states. The experimental results, that formerly led us to ascribe 
to sodium acetoacetic ester an enolate formula, today justify the conclusion 
that the charge-distribution in the anion of sodium acetoacetic ester corre- 
sponds quite closely to the limiting formula depicting the enolate form. 


(d) Structural Formula of Sodium Acetoacetic Ester 


In the determination of a “‘structural formula’’ for sodium acetoacetic ester 
it is not possible to draw upon the physical properties,—which are often so 
useful as evidence in the case of the hydrogen compounds of tautomeric 
substances,—because sodium acetoacetate,—just like every other metal 
derivative of a tautomeric substance,—is known only in the solid state, 
and does not dissolve without undergoing change. Since, as will be shown 
further below, the chemical reactions lead to rather contradictory results 
and conclusions, it is necessary to proceed differently than in the case of 
the free acetoacetic ester itself. The new way consists in this, that the behavior 
of other organic compounds also containing metal is called upon for purposes 
of comparison. 

The two limiting formulas for the acetoacetic ester anion differ with regard 
to the seat of the negative charge; in the case of the enol structure the 
negative charge is located on the oxygen, in the ketonic structure on the 
carbon atom. In the mode of expression formerly commonly used, the first- 
named form is an O-metal compound, or an O-salt, while the second form 
is a C-metal compound, or a C-salt. According to this the enolate is then 
an alcoholate, while the form derived from the ketone structure is compar- 
able to a metal organic compound. 

Now we know that metal organic compounds are decomposed by alcohols: 


>CNa + HOR = >C—H+ RO™ + Nat. 
The reason for this is that the carbon has a greater proton affinity than does 


the oxygen; consequently a C—H bond is usually not at all, an O—H bond 
on the other hand, measurably, ionized. If now due to its special structure 
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a compound is able to form O-salts as well as C-salts, then it seems easily 
at hand to assume that that form of the anion which carries the negative 
charge on the oxygen will be strongly preferred. This line of reasoning, 
which was formerly usually made tacitly when formulating the sodium aceto- 
acetic ester as an enolate form, does not yet however suffice for a really valid 
and to-the-point justification of the enolate formula, for it leaves out of con- 
sideration the special conditions of bonding in the acetoacetic ester anion. 

In acetoacetic acid itself it is necessary to perform a prototropic work to 
effect the migration of the hydrogen in the transformation from the less 
acid keto form to the more acid enol form. At the same time however, 
work energy is gained from the electromeric transformation of the electron 
system (See p. 345). In the acetoacetic ester anion, on the other hand, no such 
prototropic work function is involved, since in it a lone electron pair takes 
the place of the hydrogen. All that is necessary then is that electrons shift. 
The state of equilibrium resulting then lies between the two states which are 
represented by the formulas for the O- and the C-anions. It will correspond 
so much the more to the enolate limiting formula, the greater is the elec- 
tromeric effect. 

As to the magnitude of the electromeric effect, we can learn something 
from the behavior of acetoacetic ester. In this case the electromeric effect 
is great, for although the enol is much more acidic than the practically 
neutral or non-acid keto form, and the prototropic work function is hence 
quite considerable, enolization does take place. Because of the great elec- 
tromeric effect, an electronic arrangement will become established in the 
mesomeric anion of the acetoacetic ester which will to a very considerable 
extent be represented by the limiting enolate formula. Consequently the 
negative charge of the anion seems to be concentrated essentially on the 
enol oxygen. 

The solid sodium acetoacetic ester consists, as a salt of heteropolar structure, 
of ions. Since in this case the anion is a structure of considerable extension 
in volume, the sodium ion in the lattice cannot be placed in antithesis to 
it so simply as in the case of the chloride ion of sodium chloride. One may 
therefore be permitted to express a surmise as to the part of the anion to 
which the cation is closest. Because of the differences in distribution of the 
charge in the anion as pictured above, it must be assumed, for electrostatic 
reasons, that the sodium ion is spatially nearer to the enolate oxygen than 
to the carbon atom: 

Nat | rir Se | 
| SCH—COOC,H, |. 


In this sense then, sodium acetoacetic ester is an enolate. 
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Corresponding considerations as in the case of sodium acetoacetic ester 
must also be gone into in the case of the metal compounds of other tautomeric 
substances, if we wish to learn anything as to which limiting formula the 
actual state of the anion approaches the more nearly. It is by no means 
possible always to obtain as uniquely clearcut an answer as in the case of 
sodium acetoacetic ester. A few further examples may be cited for illustration. 

Sodium malonic ester. Unlike acetoacetic ester, the malonic ester shows no 
enolization. Since for it the prototropic work function is certainly no greater 
than for acetoacetic ester, the absence of enolization must be sought for 
in a smaller electromeric effect. Therefore the electron-distribution in the 
anion of malonic ester will approach less closely to that represented by the 
limiting enolate formula than in the case of the anion of acetoacetic ester 
(See for further details, pp. 375-6). 

Malononitrile **4, In the anion of malononitrile the limiting formulas in 
the one case carry the negative charge on the nitrogen, in the other on 
the carbon atom. 

CaN LEN] 
N 


| ACT wht | Hc 


NC=N | 


— . 


Malononitrile itself does not contain the tautomeric enimide form, 


spit _ Caan bat ayia FN 

C=N SC=N 

in equilibrium to any measurable extent. It is much more strongly acid than 
is the malonic ester, as shown already by its solubility in dilute alkali. 
That an electromeric effect leading to the formation of the enimide form is 
present follows from the far-going enimidization of the strongly acidic 
p-toluene-sulfonyl-malononitrile, 


C=N C=NH 
i 

Gris Opec Be OMisO ee 
SC=N >G=ne 


(Compare also p. 331). 


We see then that there must also be an electromeric effect in malono- 
nitrile, though it cannot be very great. Nevertheless, because of that, we 
must assume in its anion an electron-distribution approaching that of the 
enimide limiting formula (See furthermore, P- 375). 

The effect chiefly responsible for the coming into being of any particular 

274 F, ArnptT, H. Scnorz and E. FROBEL, Ann., 521 (1935) 103. 
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electron-distribution in the anion has in the cases discussed thus far been 
the electromeric effect, which was itself caused by the formation of a conjugated 
system. If this possibility for the formation of a conjugated system is lacking, 
as for example in the formation of the acetone-sodium, sodium acetic ester, 
sodium acetamide, and of other similar metal compounds, then we can 
predict nothing without resort to special assumptions as to an eventual 
electromeric effect, the effect of which in this case could be governed only 
by the energy that might be liberated by the formation of a doubly bound 
atom. Hence in the case of the compounds named it remains irrelevant 
to which of the two limiting formulas the state of the anion of the solid 
salt approaches more closely. In the case of the anion of acetamide, these 
would be 
CH,_¢ UNH 
mC) 


NH | IK 
In the case of the acid amides, we have other relationships yet, which 
will however only be dealt with in connection with the whole problem of 
mesomerism in Vol. II, Book III, Chapter XVII. 
In any event it is not permissible, in the case of sodium acetamide, to 
write the sodium on the oxygen, 


_NH 
egede o 

“ONa, 
simply and only for the reason that sodium acetamide is practically complete- 
ly hydrolyzed by water. While it is true that in this hydrolysis a proton 


does wander from the water to the amide-ion. 
H.O0 + NH,-<> OH-+NH,, 


this fact must not be permitted to lead us astray, and to consider quite 
generally as preferred the location of the negative charge on the oxygen 
to its location on the nitrogen. Quite apart from this, we also know nitrogen- 
containing, oxygen-free, compounds, the alkali salts of which are not hydro- 
lyzed by water, such as for example phenyl cyanamide C,H;,-NH—C=N, 
and dicyanamide, N=C—NH—CN. 


(e) The Reactions of the Sodium Salt of Acetoacetic Ester. 
Sodio-Ethyl Acetoacetate : 


Having established the enolate structure of solid sodium acetoacetic ester, 
we have not yet, however, advanced any in our ability to predict its be- 
havior in chemical reactions. For in this case the cation and the anion 
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become separated, and in the latter, on the reactions of which all depends, 
mesomerism produces a shift in charge-distribution somewhere between the 
two limiting formulas. The question as to the limiting formula in accord 
with which the reaction will occur remains just as uncertain as before, 
even when we do make use of the concept of mesomerism, but without the 
help of any additional assumptions. That the concept of mesomerism alone 
can be of no help to us here follows from the following considerations. The 
reacting anion in the solution is in a state of interaction with the molecules 
of the solvent, and will correspond in its normal state, under the influence of 
various solvents, now more to this, now more to that limiting formula. 
Furthermore we must remember that in non-ionizing solvents such as 
benzene, the reaction may also begin by an attack on the non-ionized 
compound, and the transformation of the anion thus liberated is only 
possible thereafter. 

Nevertheless, in one case the mode of the reaction-path is clear. If dry 
hydrogen chloride is allowed to react on sodium acetoacetic ester?”, or if a 
solution of sodium acetoacetic ester in water or alcohol is acidified, the first 
product is a pure enol. The proton has therefore gone to the oxygen; this 
may be accepted as a proof that the state of the anion both in the solid 
salt as well as in hydroxyl-containing solvents corresponds to a considerable 
extent to the enolate structure, and that for this reason the anion also 
reacts in that sense. Sodium malonic ester, too, from the other reactions of 
which one would not derive an enolate structure, yields, when its solution — 
is acidified, first the enol form of malonic ester, 
_OH 

C,H,OOC—CH=G , 
NOC,H; 
which does, however, very rapidly undergo further changes 27°, 

Now, the addition of a proton is of course a reaction in which no bond 
already existing in the anion is involved; therefore the relationships here 
are so clear. But from the totality of the other reactions of sodium aceto- 
acetic ester and related compounds, reactions that attack deeper into the 
structure of the anion, we obtain a rather confusing picture. The difficulties 
of an interpretation of this picture are still further increased by the fact 
that the results of the transformations depend so strongly on the experimental 
conditions, and especially also on the solvent. Strained efforts have been 
made to save the enolate formula of sodium acetoacetic ester as a reaction 
formula to explain all of its reactions, the more so because it seemed clearly 
enough established as a structural formula. These attempts must be regarded 


275 L. Knorr, O. Rotue and H. AVERBECK, Ber., 44 (1911) 


Fe 1143. 
wre SH MEYER, Ber as (1912) 2864. 
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one and all as having been shattered. The only haven of safety from this 
confusion of attempts at an interpretation is finally offered by the concept 
of the mesomerism of the anion; this interpretation is not removed very 
far from the concept of the tautomerism of the metal compounds, or more 
exactly, a tautomerism of the anions of tautomeric substances, such as 
follows from the comparison of the two points of view on p. 371. The solu- 
tion of the problem, as given by the concept of mesomerism, can be consi- 
dered as carried out only when one is able to summarize and master at 
least to some extent the great amount of experimental material that has 
been collected on the transformations of sodium-acetoacetic ester and other 
metal compounds of tautomeric substances. The representation of these 
transformations should then be held as closely as possible to the form of 
the classical methods of proof, in order that their inadequacies may be 
brought out into the open. Simultaneously, for historical reasons, we have 
at times retained the unitary mode of notation for sodium acetoacetic ester ; 
this notation can be translated into the ionic notation in the manner des- 
cribed on p. 349. 

Reactions for which, finally, in spite of what seemed at first like contrary 
observations, the enolate form of sodium acetoacetic ester could be saved 
were the already mentioned (p. 315) reactions with acid chlorides. For sodium 
acetoacetic ester as an enolate, we should have expected,—in analogy to other 
O—Na salts which, such as for example sodium acetate or phenolates, react 
rapidly with acid chlorides,—that it would smoothly yield enolesters ; instead 
of that however, this enolate ester is formed in only relatively small amounts, 
and the acyl residue goes predominantly to the carbon. Nevertheless, 
CLAISEN 277 was able to show that small amounts of sodium acetoacetic 
ester, or of potassium carbonate, do suffice to cause a rearrangement of the 
acyl enol, which is best obtained from the free acetoacetic ester with an acid 
chloride in pyridine solution *’8, into the C-acylated ester: 


CH=C=cH—C00C,H;, CH,—C—CH—COOC,H, 
| I 
Go GeCii ae aya 
! I 
O O 


According to this we may look upon the formation of the C-derivatives 
resulting from the action of acid chlorides on the salts of the $-keto-acids 
as the result of a reaction in which a rearrangement of the primarily-formed 


277 L, CLAISEN, Ber., 33 (1901) 3782. a 
278 Under some circumstances C-derivatives are also obtained in pyridine by use 
of carboxylic acid anhydrides, while the acid chlorides yield O-derivatives. W. BORSCHE 


and B. K. Biount, Ber., 65 (1932) 822. 
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Q-derivatives has taken place. In this way it seems as if the enolate formula 
had been saved, and as if the assumption of a tautomerism of sodium 
acetoacetic ester or of its anion were superfluous. 

This still does not remove the difficulty for the explanation of the C-alkyl- 
ation, however, but merely shifts the difficulty to another place, namely to 
that of the rearrangement reaction. 

In the course of his investigations, however, CLAISEN was forced, simul- 
taneously, to establish the fact that it is not possible in all cases for a 
C-substitution to be brought about by a corresponding reaction-sequence,— 
first a substitution on the enolate, and then a by itself rather riddle-like, or 
mysterious, rearrangement. The C-alkylation of the alkali-salts of the $-keto- 
acid esters must run a different course. For the enol-ethers which one obtains 
from the salts with orthoformic ester ?”°, such as for example: 


CH Gites TCO OCH CH,—C=CH—COOC,H, 
= | 
ONa + OC,H, OC,H, 
Ye + NaO—CH<(OC,H;),, 
CH 
tie? 
\C;H,0  OC,H, 


are quite stable compounds, which can by no (known) means be caused to 
rearrange into the C-alkyl derivatives. Exactly the same thing is true of the 
enol ethers derived from the enol forms of the ketones; these too cannot 
be made to undergo rearrangement into C-alkylated ketones such as are 
obtained from the sodium compounds of the ketones and alkyl halide 25° 
(Compare p. 305). 

Nevertheless, later on CLAISEN observed that other enol ethers, namely 
the enol-allyl-ethers, do undergo rearrangement to allyl enols when distilled 
over a small amount of ammonium chloride; this rearrangement seems to 
be comparable to the rearrangement of the acyl enols: 


CH;—C=CH—COOC,H, CH,—C—CH—COOC,H, | CH,—C=C—COOC,H 
| =. Tl => pai a 
OAGH,s-CH=#GH, O;). GH, CH=GH,. |, HO.) CH GHeGen 


Furthermore, he discovered corresponding isomerizations of the phenyl 


te L. CLAISEN and E. Haase, Ber., 33 (1901) 3779. 
AeD atige si Since 2 S enies Ber., 66 (1933) 1678, only seems to be contrary 
" : are rather I’, ADICKES, Ber., 66 (1933) 1894; furthermore. F. A CES 
G. v. HESSLING and S. v. MULLENHEIM, Jbid., Pp. Bie oe 
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allyl ethers 781, which occur on shorter or longer boiling, especially easily 
under the influence of tertiary bases, as for example: 





; CH,—CH=CRH, OH 

| 
wy — CS metiaact 
Phenyl! allyl ether o-Allyl-phenol. 


We shall have occasion again later on (p. 400) to discuss more fully the 
phenomenon of the reactivity of the allyl group that appears here. 

In connection with the phenomena of tautomerism discussed, the experi- 
ence gained by CLAISEN in his studies on the influence of the conditions 
of reactions on the course of the allylation of the phenolates is of con- 
siderable importance. In alcoholic and in acetone solutions the allyl halides 
react normally with the phenolates to form the phenyl allyl ethers, as for 
example: 





O—Na BrCH, O—CH,—CH=CH—CH, + NaBr. 
si < CH ars 
+ | = 
ane CH 
| 
CH, 
Sodium phenolate. Methylallyl bromide. Methyl-allyl phenylether. 


In benzene solution, on the other hand, allyl phenols are formed. In the 
former method of representation their formation can be pictured as resulting 


281 .. CLAISEN, Ber., 45 (1912) 3157; L. CLAIsEN and O. EIsLeB, Ann., 401 (1913) 
21. Compare als L. CLAISEN, F. Kremers, F. Rotu and E, Tietze, Ann., 442 (1925) 
210, For more recent papers on the rearrangements of the phenyl-allyl ethers see: 
C. D. Hurp and Coworkers, J. Am. Chem. Soc., 52 (1930) 1700, 3350; 53 (1931) 1068, 
1917; 54 (1932) 1648; furthermore; 59 (1937) 107; 60 (1938) 1905; J. Org. Chem., 2 
(1937) 381; 3 (1938) 559; W. M. Laver and W. F. Fivsert, J. Am. Chem. Soc., 58 
(1936) 1388; W. M. LAUER and H. E. Unenave, J. Am. Chem. Soc., 58 (1936) 1392; 
also L. F. Freser and W. C. Loturop, J. Am. Chem. Soc., 57 (1933) 1463; D.S. TARBELL 
and J. F. Kincaip, J. Am. Chem. Soc., 61 (1939) 3085; 62 (1940) 728. O. Mumm and 
F. MoxteEr, Ber., 70 (1937) 2215. The allyl radical may at the same time suffer an 
allyl rearrangement (W. M. Laver). When the allyl group migrates to the p-position, 
as it does in the case of doubly o-substituted phenyl-allyl ethers, an allyl rearrange- 
ment does not always take place simultaneously; the rearranged residue is then 
bound to the nucleus by the same carbon atom by which it was formerly attached 
to the oxygen. O. Mum and F. MOLLER loc. cit.; E. SPATH and F. KuFFNER, Ber., 72 
(1939) 1580. In the case of the rearrangement-migration of allyl phenyl ether itself, no 
detectable amount of p-allyl-phenol is formed ; W. M. Laver and R. M. LEEKLEy, 
J. Am. Chem, Soc., 61 (1939) 3042. See also Medicine and Natural Science Research 
in Germany 1939—1946 (FIAT Review of German Science) Vol. 34, Theoret. Org. 
Chem. I, pp. 137—138. For further work along this line see This Text, pp. 812—4, foot- 
notes 262—6; also the comprehensive review by D. S. TaRBELL in ROGER ADAMS 
Organic Reactions, Vol. 2 (1944), Chapter 1, pp. 1—48, John Wiley and Sons, New York. 
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from the rearrangement-migration of a metal-organic compound tautomeric 
with the phenolate: 


7 \-0—Na fe: J \—=© 282 


H 
\ \O/ Si 4p BCH = CH Steer, 


Vi =0 (798 
ee ke H ie Testa 8 
\/ SGH-CH= CHEECH, ~~ NU e 3 


In place of this tautomerism we must today formulate this reaction in 
terms of the mesomerism of the anion: 


> 





( t=o 
| Lith seuietes wit he 
Poem tsps 


Nat + BrCH,—CH=CH—CH,,. 


Lae el 


As a result of these observations the reactions of the alkali compounds of 
the phenols are, as may be remarked parenthetically, placed in parallel 
with the alkali compounds of the enols; in a corresponding way we have 
already on p. 317 compared the tautomerism of phloroglucinol with the 
tautomerism of the enol forms. 

Already CLAISEN, however, saw that these rearrangements furnish just 
as little proof as do the acyl enols as to the occurrence of a corresponding 
rearrangement during the course of the C-alkylation of sodium-acetoacetic 
ester ?*8; this last reaction remained for him unexplained after as before. 
Further on below we again discuss the attempts that have been made by 
other authors to find an interpretation for the course of the reaction by 
means of the enolate formula. 


*8? As evidence for the transformations of the anion derived from the keto-form 
of the phenol, we have the observation that in the case of an allyl migration an ortho 
carboxyl group is smoothly split off as CO,; compare L, CLAISEN, Ann., 418 (1910) 
74; L. CLaisen and E, Tietze, Ber. 59 (1926) 2344. An assumption made by J. B. 
NIEDERL and E. A. Storcn, J. Am. Chem. Soc., 55 (1933) 280, for the rearrangement- 
migration of the phenol ethers into o- or p-substituted phenols, as induced by sulfuric 
acid, is very similar to the formulation givén here. 

83 L. CLAISEN and E. Haase, Ber., 33 (1900) 3778. CLAISEN says in this paper 
quite expressly (p. 3784): ‘‘The conception of sodium acetoacetic ester as an enolate 
can then be correlated without difficulty with its behavior toward the acid chlorides, 
but as yet we have no satisfactory explanation, i.e. one based on experimental facts, 
for the evidently direct formation of the C-alkyl esters from sodium acetoacetic ester 
and alkyl halides”. Later on he again (Ann., 442 (1925) 223) objects to the view that 
C-substitution products are formed quite generally by rearrangement of primarily- 
formed O-substitution products. A. HANTZSCH (Z. anorg. allgem. Chem., 209 (1932) 224) 
desires, nevertheless, to maintain quite generally the explanation of C-substitution 
as a result of a sequence of reactions as in the case of the acid chloride reaction. 
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(f) Interpretation of the Reactions of the Sodium Salt of 
Acetoacetic Ester and of Related Compounds 


In the light of the theory of mesomerism the reactions just pictured are 
represented as follows: 


The anion of sodium acetoacetic ester exhibits mesomerism between the 
limiting formulas: 
H H 
CH,:C: C—COOC,H,; <— CH, :C: C—COOC,H;. 
.O% het 7 

The formula with the single or unshared electron pair on the carbon 
atom is known briefly as the carbeniate or carbanion formula ?*4. 

The single electron pair newly formed by anion-formation is emphasized 
by means of heavy dots. On it the next reaction takes place. According to 
which limiting formula the anion now reacts depends on the nature of the 
reagent and the experimental conditions. It is impossible on the basis of 
the concept of mesomerism alone to make further predictions as to the 
course of the reaction; to do this would require further assumptions. Their 
necessity is evident already from the fact that the anion is never really 
free, as shown or indicated by the above formula, but really exists only in 
interaction (p. 362) with the solvent in which the reaction takes place. It 
is hence to be considered as a molecular complex consisting of the ion and 
one or more solvent molecules. Depending on the nature of the solvent the 
electron-distribution in the ion surrounded by solvent molecules may lie 
nearer to the one or the other of the two limiting formulas. In this way we 
can understand the often very marked influence of the solvent on the course 
of the reactions of the metal compounds of tautomeric substances, such 
as it was pictured above for the alkylation of the phenolates. If in this case 
in an alcoholic solution only O-alkylation takes place **°, then one may 
assume that in alcohol solution the electron-distribution corresponds more 
or less closely to that given by the enolate formula of the anion, while in 
benzene solution the electron-distribution in the ion corresponds more 
closely to the formula with the negative charge situated on the carbon. 
That enolate-like anions are favored in alcohol solution is also very illumina- 

284 W. Dittuey, Ber., 62 (1929) 1836. Compare also F. Arnot, Ber., 63 (1930) 
3124, footnote 12. 

285 Tt is not at all necessary that in alcoholic solution the O-alkyl-compound always 
be the exclusive product. The transformation reaction of the alkali compounds of 
other tautomeric substances in alcoholic solution may also lead to a mixture of the 
O-alkyl and the C-alkyl compounds side by side, as for the sodium compound of I-cyano- 


cyclohexanone-2; K, von AUWERS, Tu. BAHR and Cur. WIEGAND, Ber., 61 (1928) 410; 
K. v. Auwers and F. Enperes. Ber., 65 (1932) 828. 
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ting if one considers the interaction of the ion with the alcohol as involving 
a continuous proton-exchange taking place very easily on the oxygen, but 
only with great difficulty on the carbon, as for example: 


CH,—_C=CH—COOC,H, aed CH,—C=CH—COOC,H, 
<— a . 
ome HOGA; OH* + OGsH, 


Nevertheless, C-substitutions may also take place in alcoholic solution, that 
is, when the reagent reacts considerably more rapidly with an electron pair 
on the carbon than with one on the oxygen. Under some circumstances one 
may learn a good deal as to the relations of the reaction velocities on the 
C and on the O by means of comparisons that allow of conclusions by analogy. 
Thus, for example, metal organic compounds react very rapidly with alkyl 
halides, while the alcoholates react slowly; on the other hand with acid 
chlorides the alcoholates also react rapidly. These observations make it 
understandable why in the case of sodium acetoacetic ester C-alkylation is 
observed with the alkyl halides, while with the acid chlorides the principal 
reaction is one of O-acylation. For a complete understanding of the course 
of the reaction, a finer analysis would of course be necessary, and this 
should show the reasons for the differences in the behaviors of the alkyl 
halides and the acid chlorides. We shall have some more to say on this 
matter in Chapter X in the section on substitution and addition; these 
things have however no direct connection with the mesomerism of aceto- 
acetic ester. The influence of the molecule which reacts with the metal 
compound of a tautomeric substance on the course of the reaction is still 
today for the most part rather mysterious, even though we may already 
understand very well that such an influence does exist 286, 

The older hypotheses also, that were intended to explain the C-alkylation 
of sodium acetoacetic ester, were forced to accept the influence of the reacting 
substance as well as of the solvent on the course of the reaction as a purely 
experimental fact, the explanation for which lay beyond the realm of their 
power. The effort of these older hypotheses is really throughout to make 
use of the enolate structure accepted for sodium acetoacetic ester on the basis 
of analogies also as the reaction formula to represent the course of reactions. 

Widest acceptance was achieved by an addition-hypothesis developed 
by A. MicHaeEr *87) for the mechanism and course of C-alkylation. This 
hypothesis explains the C-alkylation of acetoacetic ester and of other com- 


*86 Experimental experience such as that gained from the papers of K. von AUWERS, 
mentioned on pp. 367 and 389 footnotes 285 and 333, will give valuable information and 
foundations for a solution to this problem when once we see more clearly in our 
interpretation of the courses of reactions than is at present the case. : 

87 A. MICHAEL, J. prakt. Chem. (2), 37 (1888) 487. This principle was first used by 
VAN ’T Horr (Ansichten itiber organische Chemie (Viewpoints on Organic Chemistry) I 
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pounds without abandoning the enolate structure of the metal compounds 
participating in the reaction. Michael’s scheme was also often used by 
other investigators and applied to other examples 78°. This scheme consists 
in formulating the alkylation as taking place by an addition of the alkylating 
agent to the double bond of the enolate. For the alkylation of sodium 
acetoacetic ester with methyl iodide we have then: 
CH,—C———CH—COOC,H, GH,—C CH—COOC,H, 
~ — be ecbet, oe 
NaO + I—CH, Nao 1 CHs - 








This addition-product is then assumed to split off NaI and pass over into 
the methylated acetoacetic ester: 


GH2C=CH-COOC,F, CH,—C—CH—COOC,H, + Nal. 
= I | 


NaOl CH, O CH, 


The addition of alkyl halide to a carbon-carbon double bond, as here 
assumed by MICHAEL, has been observed in no other case 289. In order to 


225, Braunschweig 1878) to represent the formation of isonitrile from silver cyanide, 
to which Van ’t Horr assigned the formula Ag —C==N: 
Ag—C I Ag—C—I C 
+i > >) + Agl. 
N CH, N—CH, N—CH, 

288 As for example for the alkylation of the phenols, the reaction of the phenols 
with chloroform and alkali, that is, the REIMER-TIEMANN synthesis (additions to a 
double bond in the benzene ring). Compare GATTERMANN-WIELAND, Praxis des or- 
ganischen Chemikers, 27th edition, pp. 238—9 (1940) (Laboratory Methods of Organic 
Chemistry, London 1938, pp. 235 ff.). There is here no more proof-by-probability 
that the chlorine-containing compounds isolated from o- and p-cresol have been 
formed by 1,2- or 1,4-addition of CHCl, than there is that the alkylation of 
acetoacetic ester constitutes a support of MICHAEL’s views. Furthermore, the dis- 
covery that CBr, and CHBr, can add on to olefins under strong ultraviolet irradiation 
using a mercury arc lamp is also not a proof, for the addition, such as that of CBr, 
to C,H;.CH=CH, to yield 


H 
Br CBr,, 


takes place with prior fission of the added molecule by the light. But even then CHBr; 
adds on very slowly; it is only in the presence of 1 to 5 % of acetyl peroxide at 80° C 
that the addition to octene-1 proceeds rapidly and almost quantitatively. M. S. 
Kuarascu, E. V. JENSEN and W. H. Urry, J. Am. Chem, Soc., 68 (1946) 154. 

289 The papers of A. ELTEKOFF, Ber., 11 (1878) 412, and of LERMONTOFF, Ann., 196(1879) 
118, as cited by MIcHAEL, actually prove nothing, since the experimental conditions, 
such as heating at 200° for 7-8 hours with PbO, give us no assurance that the alkyl 
iodide has at all reacted as such. How complicated the relationships are in these 
alkylations is shown by the work of ELTEKOFF, Ber., 11 (1878) 989. The addition- 
compounds more recently observed by M. BuscH and R. KNOLL, Ber., 60 (1927) 
2243, formed from halides and aromatic aldehydes, cannot, on the basis of data 
available at present, be taken as examples for the addition of a halide to a C=C-bond. 
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explain the absence of other cases for proof by analogy, the supporters of 
the Michael hypothesis frequently cite 98 the fact that the double bond 
in the enols is more “‘reactive’’ than in other unsaturated compounds, as 
follows for example from their behavior toward bromine, and that one may 
therefore assume that such a double bond could add methyl iodide, which 
is otherwise never added. That one is, however, not justified in concluding, 
from a high reaction velocity toward bromine, that the reaction velocity 
will also be great with respect to any other arbitrary reagent will be dis- 
cussed in detail later on (Compare pp. 641 and 733). 

It is true, however, that very recently it has been observed that, on the 
contrary, especially reactive halides, such as the «-alkyloxy halides («-halo- 
genated ethers), can add on to double bonds 2%. Thus for example mono- 
chlorodimethyl ether adds quite smootly to :sobutene: 

(CH,),C=CH, (CH;),C—CH, 
LCloCH OCH? t526 ra 
Cl CH,OCH, 

In particular, the reaction proceeds especially smoothly when the double 
bond is in conjugation with another double bond. In such cases, a few other 
halides of somewhat different structure are also able to add on, as for 
example f-methoxybenzyl chloride, 


CH,-O—>—CH,C1 


though benzyl chloride itself is of course not able to do so 292, 

While then certain halides of special structure are able to add on to 
double bonds, this fact can by itself be taken as a proof for the reaction 
mechanism of alkylation according to MICHAEL just as little as the fact 
of the rearrangement of the acyl and the alkyl phenols could be used as 
a proof for the intermediate formation of enol ethers in alkylation. 

There remain, furthermore, when we use the viewpoints developed by 
MICHAEL on the modes of reaction of the enolates, completely ‘‘unexplained”’, 
1.e. without analogy, the rearrangement-transformations of the acyl and 
allyl enols, as well as the rearrangements of the enol-carboxylic acids into 
the ~-keto-carboxylic acid salts 293, 


=~ For example: GATTERMANN-WIELAND, Praxis des organischen Chemikers, 25th 
edition, Pp. 264 (1937) . In the 27th edition, p. 264 (1940) the process is again formulated 
differently, with a molecular compound as an intermediate stage. 

291 F. Straus and W. THIEL, Amn., 525 (1936) 121. 

ae For additions to double bonds and the details of the course followed by such 
reactions, see p. 765. 

. The hypothesis proposed by W. ScHLENK, Amn., 487 (1931) 140, according to 
which a four-membered O-containing ring is formed as an intermediate product with 
CO,, is a purely formal construction devoid of any experimental support. 
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Not only MicHAe.L’s hypothesis, but indeed almost all other old and 
modern hypotheses 2% that have been made to explain C-alkylation, fail 
in this very point. 

The rearrangement of the acyl-enols, and of the phenyl allyl ethers, can 
now be understood just by this concept of the mesomerism of the anions 
of tautomeric substances. 

The acyl-enols, like the acylhalides used in their preparation, are, as mixed 
acid anhydrides, acetylating agents, just as is the phenyl acetate derived 
from the somewhat more strongly acidic phenol ?%°. In the presence of a 
little alkali salt of the enol,—whether this be added from the beginning 
or whether it be formed from the acyl enols with potassium carbonate or 
with the alkali of the glass: 


Seen CH—COOC,H, CH =1--CH-COOG Hy 
_ — _ F 
O—COCH, + HO OF HOSCOGH, 


the mesomeric anion of the salt reacts in accord with both of the limiting 
formulas. In the one case, only a loose O--- + C-bond is formed, which is 
again readily dissolved; in the other case a stable C—C-bond is formed, 1.e. 
stable under the given experimental conditions. As end-product then, one 
obtains the C-acylated compounds; 


CH,—C=CH—COOC,H; 
| 
:O: + CH,—C:--O—C=CH—COOC,H, 
: I | 
O CH, 





t CH,—C=CH—COOC,H, 
rapidly | a 
eerste O----C—CH, + O—C=CH—COOC,H, 
rapidly | 


O CH, 
Rapidly occurring group-exchange between two 
molecules, loose O:::-C-bond, therefore reversible. 


SH.—C—CH—COOC,H, 


| 
O + CH,;—C---O—C TCH eCOOCsH 
I | 


O CH, Y as 
CH,—C—CH—COOC,H; + Rae =CH—COOC,H; 
ts- 4 
Group exchange with formation O C—CH, CH, 
of a stable C—C-bond, therefore | 


irreversible. O 

204 The assumption of a tautomerism of the metal compounds furnishes an explana- 
tion that can easily be translated into the interpretation that follows. It is only 
necessary to write the anions in place of the metal compounds, and to replace the 


symbol for tautomeric equilibrium == by the symbol for mesomerism <—. In this 


way the formulation given in what follows is obtained from that given on p. 209 of 
the znd German edition. 


205 Compare This Text, p. 304- 
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The originally present anion has then become C-acetylated, while at the 
same time, from a second molecule, a similar anion has been formed, then 
subject to the same reaction sequence. A trace of anion that is present is 
then always formed anew, and therefore acts as a catalyst. . 

Salicylic Acid Synthesis. The rearrangement of the enol-carboxylic acid 
salts of simple ketones into @-keto-carboxylic acid salts as mentioned on 
p. 305 can be interpreted in quite the same way: 





Cort ; —C—H O 

7 ate ON: IE | Wises 

Cre Spldly AN VRP eee 

H | H O O O 

I ‘Cae’ | 

& _¢—¢_o- = -—C—O —C—C-—OH 
| HOGS S2.) I ne 
Pt25 itech) =C+0OH> == C—O 


Here must be included yet another tautomerism of the anion of the $-keto- 
acid. This reaction-sequence takes place, probably, also in the KOLBE salicylic 
acid synthesis 29°, 

In this case we must assume a mesomerism of the phenolate ion, as 
already hinted at on p. 366, so that it can react also as a non-aromatic, 
quinolide form(ula) 797: 


KOH Oe Qe 
H-~ 


p-Quinolide o-Quinolide. 


Depending on the experimental conditions then, we obtain the reaction 
product derived from the o- or the f-quinolide form. Thus, as is well-known, 
when sodium phenolate is heated with carbon dioxide, the product is 
sodium o-hydroxy-benzoate, while potassium phenolate yields the potassium 
salt of p-hydroxybenzoic acid. In the naphthalene series too, a completely 
corresponding process is known. Thus when sodium f-naphtholate is heated 
with carbon dioxide at temperatures of around 170°, the product is 2-hydroxy- 
naphthalene-z-carboxylic acid 28, while at 230°, 2-hydroxynaphthalene- 
-3-carboxylic acid is obtained (as the chief product) 298, At the same time, 
when potassium $-naphtholate is treated with CO, at temperatures of 


*°° In a certain sense, this synthesis may be conceived as taking place by a round- 
about method, by a reversal of the ketonic fission of the 6-keto acids, 
CH,;—CO:CH,-;COOH = CH,-CO-CH, + CO,, 
without proceeding via these intermediate stages. 
**? For the quinols, see This Text, pp. 484—490. 
88 R. Scumitt and E. BurKkarp, Ber., 20 (1887) 2701. 
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170-230°, the product is 2-hydroxynaphthalene-6-carboxylic acid in a 
60 % yield 2*°, The formation of these three acids corresponds to the two 
possible o-quinolides and the one possible amphi-quinolide mesomeric 
formula of the f-naphtholate ion: 


' 


H 
re 
e B18) Ve os te}. PONYOK BG 
B ; A ‘ ox Nu 
A\/\\-0 
AG) 


WY 
D 

In these formulas A is the ‘“‘normal’’ form, B yields the I-, C the 3-, 
and D the 6-carboxylic acid. 


eke COOH 
reins Dies oun Ao 2 
fe at 17 MAT: 
he 


) ONa 
at 230" > 
a 


s—COOH 


ok CO, a OH 
HOOC’ in 

Why the potassium ion so strongly favors the reaction according to the 
p-quinolide formula in the benzene series, or of the amphiquinolide formula 
in the naphthalene series, remains still a mystery; this fact shows, however, 
how strongly the mode of reaction of a compound subject to mesomerism, 
or of an ion thereof, may depend on such seemingly slight changes in the 
experimental conditions **. 

For this reason it is very important to point out once again that in the 
case of the reactions of compounds and ions susceptible to mesomerism, 
the environment must not be left out of consideration. For we are dealing 
all the time with reactions in the liquid phase, in which the reacting struc- 
tures are by no means free, but are rather, even though usually only loosely, 
anchored, so to say, to the surrounding molecules. Depending on the nature 


209 F. ANDRE, Chem. Zentralblatt 1926, II, 1695; D. R. P. 436,524 (Friedlander, 
15 (1926) 298; Chem. Abstracts (1920). 


2994 For the most recent investigations on this subject see: F. WESSELY, K. BENEDIKT, 
H. Bencer, G. Frrepricu and F. PRILLINGER, Monatsh., 81 (1950) 1071. 
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of these surrounding molecules, the so-easily influenced state of bonding 
in the mesomeric structures susceptible to mesomerism May vary more or 
less, and approach now more to the one, now more to the other, of the 
limiting formulas. We have already on p. 367 called attention to this often 
very great influence of the solvent on the course of the reaction, and it is 
in this wise that it must be explained. 


(g) Metal compounds of Esters. Ester Condensations 


Just as the carbonyl compounds which contain a reactive hydrogen atom 
in the position « to the carbonyl, so also in principle are the esters with 
an «-hydrogen atom capable of exhibiting tautomerism. In this case also, 
however, as explained already on p. 345, just as in the case of the simple 
ketones and aldehydes, we never meet with the development of a tautomeric 
equilibrium susceptible to measurement, for, due to the lack of the electro- 
meric effect, the equilibrium is always entirely on the side of the normal 
ester. In exactly the same way, nevertheless, esters can form metal deriva- 
tives. In these there is an anion, such as also remains after the proton has 
separated from the ester. The reactions of the metal derivatives of the esters 
enable us to recognize that this anion is mesomeric just as is the anion of 
acetoacetic ester, i.e. its true state corresponds to a position somewhere 
intermediate between those represented by the two limiting structural 
formulas usually written. 


(1) Malonic Ester and Related Compounds 


The longest-known reaction of this type is the salt-formation of malonic 
ester. In this substance the hydrogen atoms of the methylene group are 
made especially reactive by the presence of the two carbo-alkoxyl groups 
as substituents. From malonic ester and sodium ethylate it is easy to obtain 
sodium malonic ester; the same can be effected by the action of sodium 
metal on malonic ester with the evolution of hydrogen. The salt, however, 
is completely hydrolyzed by water, and in accord with this, malonic ester 
does not dissolve in dilute aqueous alkali solution (Cf. p. 340). Just as little 
does malonic ester react with diazomethane. It is not possible to detect 
any desmotropic form of malonic ester; the reason for this is the small 
electromeric effect of the carbo-alkoxyl (Cf. p. 345). Hence it is clear that 
-COOC,H, 

“COOC,H, 
On the other hand, on the basis of the facts given in connection with the 
discussion on p. 360, the sodium salt will be assigned the formula of an 


malonic ester must definitely be assigned the single formula H,C 
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enolate in which only one of the ester groups is enolized, and which will 
hence be called an ester enolate *°°: 


| OC;H 
| H,C,0OC—CH=CT , 


=2 
Nat. 


on 


The only reaction of sodium malonic ester that cannot be brought into 
harmony with this explanation, without forcing, is the transient formation 
of the enol form of malonic ester when it is acidified (Cf. p. 362). In the 
cease of all other reactions, C-derivatives, and never O-derivatives, are formed; 
thus the alkyl halides yield homologous malonic esters which can again be 
alkylated; the acid chlorides yield C-acylmalonic esters; e.g. 


C,H;—CH(COOC,H,), and CH;CO—CH(COOC,H,)s. 


The anion of malonic ester is hence mesomeric in the sense of the two 
limiting structural formulas: 


OGH OC,H 
Pd atts 
H,C,0OC—CH=C <> W.C,00C4CHCti “ity 
iO = ay 0! 


The exactly corresponding facts and formulations apply to cyano-acetic 
ester and malononitrile (= dicyanomethane). In the case of cyanacetic 
ester the tautomerism of the ester group is the same as in the case of malonic 
acid, but in addition to this we find also conceivable a tautomerism of the 
cyano group, analogous to the keto-enol tautomerism: 

nt pe mas pat BOY S| 
H 


In the case of malononitrile only the latter type of tautomerism can of 
course be involved. Both compounds contain a reactive methylene group, 
and form, malononitrile already in dilute alkali, alkali compounds. We must 
assume the following limiting states for the anions: 

300 The aluminium salt of malonic ester is very stable toward water (TISCHTSCH- 
eNKO, Chem. Zentralblatt, 1900 I, 12; also H. LEucHS and A. GESERICK, Ber., 41 


(1908) 4172), and is to be considered as an inner complex salt of the type of acetyl 


acetonate : 
C,H; O—C CH=C—OC,H,; 





A. Hantzscu, Z. anorg. allgem. Chem., 209 (1932) 217. 
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a ZeeN: => 
oan Hi AGN ath ‘WENCOOC MH, 
H,C — Ht+ es 
~COOC,H, | eee, \ CaN 
. ae OG H, 
34 *:%, 
Cyanacetic ester 
G=N | H C=N C=N:)\—- 
H.C A de RB os tmp HCE | 
CaN pee SCN ee Te 


Malononitrile 


In syntheses these react like sodium malonic ester, in the sense of the 
formula in which the single electron pair is carried on the carbon atom. 


(2) Ester enolates 


Salt formation like that in malonic ester can be effected, though much less 
easily, also in the case of other esters. That, for example, salt formation 
does not take place as readily in ordinary ethyl acetate, can be understood 
readily, since only one carbethoxy group is there to make the hydrogen mobile, 
and the electromeric effect of this one carbethoxy group is small. Therefore 
it has come about that the alkali compounds of the simple esters, the 
existence of which had already been assumed for a considerable time, 
have only been actually prepared relatively lately, by SCHEIBLER *°! in the 
case of the aliphatic fatty acids, and by STAUDINGER 302 in the case of 


diphenylacetic ester. These are formulated as ester enolates: 
| _OC,H, OGH, | 


Sar: 


- 


CHy=CO 0 | 


i Nat and | (C.Hic=ac Nat, oF Soe 


Here too, however, certain reactions are known in which these substances 
do not react in accord with this formula 9°38, Furthermore, no conclusive 


801 H. SCHEIBLER and J. Voss, Ber., 53 (1920) 388; H. ScHEIBLER and H. ZIEGNER, 
Ber., 55 (1922) 789. 
$02 H. STAUDINGER and P. MEYER, Helv. Chim. Acta, 5 (1922) 656. 


303 The at one time assumed formation of ketene-acetal in accordance with the 
equation 


Bane OCH, 
C | OC,H 
7? eas 215 
CH,=C + €=@ CHAT x + CH,—COONa, — 
NOoNa | Noc,H, a, 
CH, 


H. SCHEIBLER and H. ZiEGNER, Ber., 55 (1922) 789; H. ScHEIBLER, E, MARHENKEL 
and R. Nirxorié, Ann., 458 (1928) 28; H. ScHEIBLER, Ber., 66 (1933) 428, is based 


- “ 
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proofs have been brought forward for the distribution of charges even 
approximating that demanded by one or the other of these two limiting 


formulas, a thing that was possible in the case of sodium malonic ester 
(Cf. p. 362). 


(3) Ester Condensations, Claisen Condensation, and Related Reactions 


The ester enolates play a role in the consideration of the course of the 
ester condensations*©%4, so very important in synthetic work, and of which the 
best known example is the synthesis of acetoacetic ester from ethyl acetate 
and sodium metal or sodium alcoholate. Since in this connection we touch 
upon problems most closely related to the problem of the modes of reaction of 
the metal compounds of tautomeric substances, these ester condensations 
will be discussed at this point. Related to these are also similar reactions, 
named CLAISEN condensations in honor of their discoverer, and which were 
studied in detail not only by CLAISEN, but by W. WISLICENUS as well. 
Furthermore, so far as concerns their essential nature, the aldol conden- 
sations 34 as well as the PERKIN cinnamic acid synthesis, although at first 
sight the relationship is not evident, both belong to this type. 

All these reactions amount in the final analysis to this,—that compounds 
with a reactive hydrogen atom which has been loosened by means of acidi- 


on an experimental error. Compare especially, J. M. SNELL and S. M. McE vain, 
J. Am. Chem. Soc., 55 (1933) 416, 427; F. A. ApIcKEs, Z. angew. allgem. Chem., 48 (1935) 
400; Ber., 68 (1935) 2191. The ketene-acetal prepared by F. Beyerstept and S. M. 
McEtvain, J. Am. Chem. Soc., 58 (1936) 529, by another method (from I—CH,— 
CH (OC,H;), + K in (CH;);COH at 80—g0°) melts at 124—126°, and has entirely 
different properties from those given by SCHEIBLER. The simplest method of prepara- 
tion is: ethyl orthobromoacetate -++ Na (66 % yield): 


BrCH,—C(OC,H,), 2Na = H,C=C=(OC,H;), + NaBr + NaOC,H;; 


Cf. Pu. M. Watters and S. M. McEtvain, J. Am. Chem. Soc., 62 (1940) 1482. 

For a review on, and compilation of, the known ketene acetals see: S. M. McELVAIN, 
Chem. Rev., 45 (1949) 453; J. Am. Chem. Soc., 59 (1937) 2267; for the reactions see 
Ibid., 64 (1942) 254, 260. 

303a 1]. HENECKA, Ester Condensations, Fortschr. d. chem. Forschung, Vol. I, Springer 
Verlag 1950, p. 685—724. 

304 If this reaction is catalyzed by means of the salts of secondary amines, we 
speak, just as in the case of other similarly effected condensations, of a KNOEVENAGEL 
reaction. In this connection compare most recently R. Kunn, W. BapsTUBNER and 
Cu. GRUNDMANN, Ber., 69 (1936) 98, as well as A. C. Core, J. Am. Chem. Soc., 59 
(1937) 2327 (ketones with cyanacetic ester). The analogy between the aldol conden- 
cation and the ester condensation was probably first emphasized explicitly by N. J. 
Toivonen: Finska Kemistsamfund Medd. 1920, 161 (OSSIAN-ASCHAN Memorial Volume) ; 
compare also S. Eskola, Swomen Kemistilehti, 11 A (1938) 15. This was also pointed 
out briefly by A. MicHaer (Ber., 33 (1900) 3738. More recently the analogy has 
again been emphasized by F. B. Cox, E. H. Krocker and S. M. McE;vaIn, J. Am. 
Chem. Soc., 56 (1934) 1173, and S. M. McE;vain, J. Am. Chem. Soc., 51 (1929) 3124. 
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fying substituents (Cf. p. 337), such as ketones, esters, nitrocompounds, 
but also certain hydrocarbons like fluorene, may react with esters or other 
carbonyl compounds under the influence of sodium, sodium ethylate or 
sodium amide, often also of organic bases, to split out a molecule of water 
or of alcohol. As examples let us first select at random a few well-known 
ester condensations. These may be formulated schematically as follows *°: 
(x) Ester + Ester. Example: acetoacetic ester synthesis. 


; Ze AZ 
CH,—CZ + CH,—COOC,H; Wa0G,H, CHs—-C=CH,—COOC,H; + C,H,OH 
—————————— 


OC,H, 
H 


The reaction is reversible; it proceeds to an equilibrium state, the 
position of which depends on the nature of the condensed ester groups. The 
reversal of this reaction is the well-known acid fission of the g-keto-acid 
eSters, 

(2) Ester + Ketone. Example: Synthesis of the hydroxymethylene- 
ketones with ethyl formate 3°: 


Fala ae Pie 

7 /=0 TEND casa Grepaea (2g + C,H,ONa+H. 
| 

Camphor Hydroxymethylene-camphor. 


(3) Ester + Fluorene. Example: Fluorene-oxalic ester’, similarly cyclo- 
pentadiene *°§, indene 399, 


305 A detailed review on the various named condensation reactions, such as: C- 
alkylation, CLAISEN condensation, aldol condensation, MICHAEL reaction ,—classified 
on the basis of electron-acceptor and electron-donor acting partners,—is given by 
Cu. R. Hauser and D. S. BrEsLow, J. Am. Chem. Soc., 62 (1940) 2389; CLAISEN 


and PERKIN Type of Reactions, Ibid., 62 (1940) 593. Electron-donors are always 
groups such as H 


| 
H—C—C=0 or H—C—C=0O; 
OE es 
electron acceptors such as R—X (X = halogen) for alkylation, 


a 


Z $ O 
R—C (X = OR, OCOR, Cl) in the CratseEn reaction, Reo in the aldol con- 
Pr: NH 


densation, and R—C=C=O in the MICHAEL condensation. For still further discussion 
see also H. B. Watson, Trans. Faraday Soc., 37 (1941) 707. 

$06 |., CLAISEN, Ann., 281 (1894) 310, 

307 W. WISLICENUus, Ber., 33 (1900) 771. 

ue J. THIELE, Ber., 33 (1900) 671. 

= : ; : 
Ke se erste fluorene oxalic ester is the enol form; R. Kuun and E. Levy, Ber., 
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res H,C.0=C= 6 <. 
oan OH 
2H : SSS SS See 


a 
., se NaOC,H, | c= ous O —>- 
| SSeS 4 
Re H,C,O—C=O “¢ » OCH; 


, 
he eee 


| CL 
| C—C—OC,H, + C,H,OH. 
Ciuk SOSO 


The condensation of ketones with reactive methylene groups under the 
influence of sodium ethylate, as with malonic ester, cyanacetic ester, etc., 
takes place in accord with the reaction scheme, 

Ae OW 
Bee cir CICOOC Hs = RC = R,G=C(cO0G.n,)¢ 
H~ CH(COOC,H;). 

Another somewhat different type of condensation reaction undergone by 
compounds containing reactive hydrogen, the Michael Condensation, in 
which addition to a C=C-double bond of a conjugated system C=C—C=O 
takes place without the splitting out of either water or alcohol, may be 
illustrated here by an example. Malonodinitrile and methyl vinyl ketone 
react with sodium methylate, with ice-water-temperature cooling, in a 
strongly exothermic reaction, to give nonane-2,8-dione-5,5-dinitrile : 


CH,—CO—CH=CH, CH,—CO—CH,—CH, 
H iy CN one 
nn <r al 
Cc — [SCN 
H~ “CN CH,—CO—CH,CH, 


< 
CH.-CO-—CH=CH, 


Further examples will be found also in Chapter VIII, pp. 595 and Ort. 
Numerous and varied examples of reactions of this type have been 
investigated, and it has been found that the ease with which the reactions 
take place, and the yields thereof, are clearly related both to the prototopism 
of the methylene component and to the electromerism of the conjugated 
system 410 311, As yet no even semi-quantitative measurements of this kind 


30 R. Connor, C. L. Fremine Jr. and T. CLayToN, J. Am. Chem. Soc., 58 (1936) 
1386; compare also p. 343, footnote 244. 

311 1H. HENECKA, Chem. Ber., 81 (1948) 197. For further very interesting papers on 
the dicarbonyl compounds, see Chem. Ber., 82 (1949) 32, 36, 41, 104, II2. See also 
H. HenEcKA, Chemie der B-dicarbonylverbindungen (Chemistry of the B-Dicarbonyl Com- 
pounds), Organische Chemie in Einzeldarstellungen, Vol. 4, Springer, Berlin, 1951. 
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are available for the analogous ester condensations. The smaller the proto- 
tropic work done on the methylene component in accordance with the order 
give in the series on p. 338, i.e. the greater is the C—H-acidity, and the 
greater the electromeric effect in the conjugated system in accordance with 
the series given on p. 345, i.e. 

O O if 

| | 

c=c_C_H > C=C—C—R > C=C—C —OR x= C=C—CEN, 

the faster does the reaction proceed, and the greater is the yield of the 
reaction that finally leads to an equilibrium. Thus for example methyl 
iso-propenyl ketone reacts more slowly and less completely than does 
methyl vinyl ketone, 


CH= Coei CeO O 
| | = | 
CH; CH, CH =-C—th=CH, 


acetoacetic ester more slowly than does malonodinitrile, 


CN 
CH,CO—CH,COOC,H, < CH, 
CNS 


Non-enolizable methylene groups activated by the presence of a sulfone 
group have been observed to add on to the similarly conjugated system 
C=C—C=O just as for the Michael condensation. Thus #-tolyl-benzyl- 
sulfone undergoes condensation with benzalacetophenone (but not with 
benzaldehyde), 


O 
| 
C,H;—-C—-CH=CH—C,H, + H—CH—SO,--C,H,—CH, (p) = 





| 
O C,H; 


CH CCH, CHC, 
C,H,—CH—SO,—C,H,—CH, (f), 

to yield the compound p-tolyl-[(1,2-diphenyl-2-benzoylmethyl)-1-ethy]]- 
sulfone. s 

From the here merely schematically given brutto,—or initial and final 
product,—formulations it is not evident how the sodium or the sodium 
ethylate enters into the reaction. In the case of the PERKIN cinnamic acid 
synthesis, which is usually carried out under other conditions, i.e. in the 
presence of acetic anhydride, the course of the reaction is represented by 
simply assuming that a reactive hydrogen atom adds on to the oxygen atom 
of the carbonyl group 312: 


5 Cu. R: Hauser and D. S. Brestow, J. Am. Chem. Soc., 61 (1939) 786, 793. 
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The same is true for the aldol condensation, which usually takes place under 
the influence of weak alkali: 





H 
wre H 
a i H 
CHCl + CH,—-CHO —> reat yaa oa Oiisra- MOH, 05 oH 
SCH,C—H ae 
PSO | 
H0=0. 


The relationship of the last two mentioned reactions to the ester conden- 
sation becomes clear if we consider the latter, for the time being strictly 
formally, as having taken place by a primary addition to the carbonyl of 
the ester group following by a splitting out of alcohol; 

OC,H ‘(OC,H 
CHy—Co pent i be eich ar = 
CH,—COOC,H, CH,GOOCH; 
Z 
2) Gh OLCH-COOC.H, 4° C,H,0H. 


If however we wish to understand in greater detail the courses of all 
of these reactions, then we must not leave out of consideration the signifi- 
cance of the “condensing” alkali or of the “condensing”’ base. Today we 
see the significance of the condensing agents in their ability to remove the 
g-standing proton, leaving an anion which exhibits mesomerism. Thus, for 
example, in the case of ethyl acetate we have two possible limiting formulas: 

oat MATEY oft te olen oF 
she @ a I 
O 

The removed proton is liberated either as hydrogen (when alkali metal 
is used), or it combines with the anion of the alcoholate to given alcohol, or 
with the amide amino group to give ammonia, NH,, or finally also with the 
organic base to give a cationic complex. The anion in which the distribution 
of the bonding electrons between the two limiting formulas, with the electron 
pair and the negative charge attached on the oxygen, on the one hand, and 
on the carbon atom on the other hand, can now react in accord with the 


382 ; TAUTOMERISM Vv 


latter limiting formulas, thereby producing the synthesis, i.e. creation, of 
the new C—C-bond. Most simply, and probably also most correctly, the 
formation of the C—C-bond is described by writing for the carbonyl on 
which addition takes place a limiting formula with a semi-polar bond 
between the C and the O, and thus containing an electron sextet on the 
carbon atom (See p. 35 and Vol. II, Book III, Chapter XVII). The single 
electron pair of the carbon atom on the negative C of the anion then enters 
into the “‘octet gap” of the sextet on the positive carbon atom: this results 
in the formation of the C—C-bond: 


R R 
R:C:0: es eh Ged! bp 
teat. H:C : COOC,H,. 
+ H: C: COOC,H, = 


H 


The oxygen atom then proceeds to acquire still one more proton. 

An important and significant indication that the anion does react in the 
carbeniate formula is found in the following observation #13: Benzaldehyde 
can be condensed with malonic ester in the presence of sodium acetate to 
yield benzalmalonic ester, 


C,H,;—CH=CH(COOC,H,)s. 


Ready-made sodium malonic ester on the other hand cannot be brought 
to react with benzaldehyde. The reason for the failure of the condensation 
reaction in the case of ready-made sodium malonic ester must be sought 
in the practically purely enol-structure of the anion #14 (Compare p. 362). 
It so seldom approaches to the carbeniate limiting formula that the conden- 
sation, which can occur only in a state approaching that of this formula, 
simply does not take place. On the other hand, this state is produced 
first by an ionization of the free malonic ester, for this ionization consists 
simply in a dissolution of the proton from the methylene group. Before 
the primarily-formed carbeniate limiting form can become stabilized in 
the form of the mesomeric anion with a lower potential energy, the reaction 
with benzaldehyde has already taken place. Such speculations or considera- 
tions may be spun out further as to details, and therefrom we can derive 
an understanding of the finer differences in the courses of closely related 
reactions, such as the ester condensations, aldol condensations, PERKIN 
synthesis and its reversal, etc. For the reader interested in these details 


918 E. MOLLER, Ann., 491 (1931) 251; E. MUtier, H. Gawiicx and W. KRevutz- 
MANN, Amn., 515 (1935) 97. 

14 F. ARNDT and B, Erstert, Ber., 69 (1936) 2383; B. E1stert, Z. angew. Chem.., 
52 (1939) 360. j 
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we must refer to the discussion of F. ARNDT and B. ErsTert in “Uber den 
Chemismus der Claisen-Kondensation’”’ (‘Chemical Mechanism of the Claisen 
Condensation’’) *1°. The formerly made hypotheses as to the intermediate 
formation of reactive enol forms, as for example the assumption of a hypo- 
thetical enol form of acetic anhydride in the case of the PERKIN synthesis 318, 
now appear to be superfluous. The enolization of the methylene compound 
has nothing whatever to do with the condensation process; the important 
thing, as may be emphasized again, is the zonzzation of the methylene com- 
pound. The clearest proof of this is furnished by the case just considered 
above, that of the condensation of malonic ester with benzaldehyde. The 
results of the systematic investigations of Henecka on the influence of the 
acidity of the C—H-bond on the Michael condensation (This Text, p. 379), 
and which were only briefly referred to above, may be looked upon as further 
proofs for this point of view. It is however by no means unimportant to 
know the older hypotheses, for from out of the inadequacy of their attempts 
at explanations they cleary delineate the limits that are drawn to the 
application of classical structural formulas *!’. 


(h) Earlier Attempts at an Explanation 


The course of ester condensation was originally represented by CLAISEN *1* 
by a scheme which made the assumption of metal compounds or derivatives 
of the esters superfluous. The condensation-effecting sodium ethylate was 
assumed to add on to the carbethoxyl groups of the one ester, and this 
addition product,—which has in the case of the non-enolizable trifluoro- 


315 Bey., 69 (1936) 2386. From these discussions we wish to emphasize still the 
following; that the condensation of aldehydes and ketones in the presence of suitable 
acid condensing agents, such as HCl, as in the preparation of mesityl oxide from 
acetone, proceeds according to a different mechanism: 





R R 
4 eee ie | in ee 
| | cr) Cc=0 | [so 
R—C + HCl =| R—C | | —» HC1+R—C———C-H. 
| | H|—C—H | | 
O OH | | O—-H R 
R 


Compare also W. DirtHey and H. STEINBORN J. prakt. Chem. (2), 33 (1932) 220. 

316 K. H. MEYER, Azn., 398 (1913) 58; P. KALNIN, Helv. Chim. Acta, 11 (1928) 977; 
R. Kuuw and S. Isurxawa, Ber., 64 (1931) 2347; compare also K. BopENpDoRF, Ber., 
68 (1935) 831. A somewhat different point of view was taken at first by EUGEN 
MULLER; Amn., 491 (1931) 251; 515 (1935) 97- Compare furthermore, T. ENKVIST, 


J. prakt. Chem. (2), 153 (1939) 122. 
317 For historical reasons we have in what now follows used the unitary notation 


for writing the formulas of metal compounds. (Compare also p. 363). 
318 .. CLAISEN, Ber., 20 (1887) 651. 
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acetic ester 39 and the oxalic ester 32° been proved capable of existence as 
a definite compound,—then to react with a second molecule of ester or 
ketone, as for example: 


a CF,—C—ONa CF,;—C—ONa 
4A / 
CF,-C + NaOC2Hs e347 har iit dain, CH—COOC,H,+2C,H,OH 
SOC,H, —————— _ 028889 OK 20s: 
+'H,' >CH—COOC,H; 


This reaction scheme can also be applied without modification to the con- 
densation of fluorene with oxalic ester. 


( \ 
ae COOC,H, ——————> Maia yee 
A re +NaOCG.H, | > 
\7 COOC,H, | aye \\co—cooc,H, + C,H,OH. 


A second reaction scheme likewise considered by CLAISEN makes the 
reactivity of the hydrogen more readily comprehensible than does the first 
scheme ;—according to it, it is the other, the reactive-hydrogen-atom-bearing 
component that reacts as an ester enolate, and adds on to a second molecule 
of ester, which need then not contain any reactive hydrogen atom. In this 
scheme it is however yet further necessary that a subsequent, by itself 
as yet unexplained, rearrangement of the addition product be assumed, and 
which corresponds to the rearrangement reaction of the acyl enols (See 
p. 363, also p. 366 footnote 283): 








: ZO _/ONa 
CF,—C + NaO—C=CH, — CF,—C—O C= CH, 

OC,H; “SOC,H; | 

OCH, | OCH, 

roe _ Rearrangement | 

7ONa 7~ONa ZO 
— CF,—C— “CH, —COOC,H, — CF;,—C=CH—COOC,H, CF; Pa Su ~CH,—COOCG.Ha 
“OCH, Acid and 
rearrangement 


This reaction scheme can be applied to the condensation of fluorene with 
oxalic ester only if we assume that the fluorene-sodium first formed,—the 
fluorene is in this case the reaction component with the reactive hydrogen, 
which means that a sodium compound, a metal-organic compound, here 
replaces the usual ester enolate,—also reacts in the presence of alcohol. 
In this case it is not necessary to assume any rearrangement. Leaving out 


: Ae ra Swarts, Bull. Soc. Chim. Belgique, 35 (1927) 412; Chem. Zentralblatt 1927, 
990. . 
$20 F. ADICKES, Ber., 65 (1932) 522. 
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of account the intermediate product formed by an addition reaction in 
accord with the scheme of CLAISEN, we obtain the following system of for- 
mulas: 

i \ 
Vi 


Po. 
is 1-NaOCGH, — 


\t 
(otter 
fave cd 
i \ fr Nc—C—0CH, + NaOC,H;,. 
| 
ra ONG 


It must therefore be assumed that this hydrocarbon and sodium ethylate 
enter into an equilibrium with the metal-organic compound and alcohol, 
even though the fluorene-sodium is “completely” decomposed eA byuthe 
alcohol, or at least to such an extent that its residual presence can no longer 


be detected by available analytical methods. 
In all these hypotheses %2, with the exception of the first one made by 
CLAISEN, the ester enolate then plays quite a réle. The oldest hypothesis 


821 In the case of the condensation of cyclopentadiene with oxalic ester, the reaction 
proceeds even when a large excess of alcohol is used. 

322 In the discussion of the pro’s and the con's of the various hypotheses the fact 
that iso-butyric acid ethyl ester (CH,),—CH-COOC,H;), and other similar esters 
which possess only one hydrogen H atom on the a-carbon atom, cannot be condensed 
with sodium or sodium ethylate, has to a certain extent played an important role 
(See e.g. W. DILTHEY, Ber., 71 (1938) 1351. It has been found possible to condense 
such substances by means of mesityl-magnesium bromide, (CH,),; C,H2.MgBr, as the 
“catalytic” condensing agent to yield substances of the type, 

CH, 


(CH,),CH C—C_CHs 
O COOC,H, 


Dimethyl-iso-butyryl-acetic ethyl ester. 


(M. A. SPIELMAN and M. T. Scumipt, J. Am. Chem. Soc., 59 (1937) 2009). The yields 
obtained were 51 % in the case of iso-butyric acid ethyl ester and 32 % in the case 
of tert. butylacetic (acid ethyl) ester. 

It has been found possible, furthermore, to bring about a condensation by means 
of triphenylmethy] sodium, (C,H;)sCNa (Cu. R. HAUSER and W. B. RENFRow, ir, 
J. Am. Chem, Soc., 59 (1937) 1823; 60 (1938) 463). As a result the questions formerly 
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of acetoacetic ester formation, going back to the time and work of FRANKLAND 
and Duppa 323, and later advocated also by voN BAEYER **4, is based on 
the other hand on the conception that a C-sodium compound of the ester 
reacts. By its means the ester condensation can be visualized most simply: 


O we 
CHES 4: NaCH:COOCH, CHL | + NaOC,H,. 


This conception can also be modified in the direction that one assumes 
first of all an addition to the ester carbonyl, whereby the sodium enters 
into the position 92° of the reactive hydrogen atom emphasized above 
(p. 381) in our comparison of the ester condensation with the aldol conden- 
sation 325, This detail of the course of the reaction is of no particular import- 
ance for the question of whether the ester reacts in the O- or the C-form of 
the metal derivative; for the sake of simplicity we shall in what follows 
leave out of consideration in our formulations the assumption of such an 
intermediate step and compound. 


raised in objection because of the non-condensability of the zso-butyric ester have 
become meaningless for the point under discussion. For a discussion of the reasons 
that NaOC,H, is not able to effect a condensation of iso-butyric ester, see the reference 
above, as wellas the already earlier papers of F. ARNDT and B. EIstert, Ber., 69 (1936) 
2385. Conversely, dialkylaceto-acetic esters of the type of dimethyl-iso-butyryl-acetic 
acid ethyl ester are almost completely split by traces of alcoholate (W. DIECKMANN, 
Ber., 33 (1900) 2672. 1so-Butyric ester can be brought to condense withitself by means 
of (C,H;),;CNa; the enolate of the resulting iso-butyryl-iso-butyric acid ethyl ester 
obtained can be C-acylated by means of various organic acid chlorides (B. E. Hupson 
and Cu. R. Hauser, J. Am. Chem. Soc. 61 (1939) 3567. These authors also investigated 
the alkylation of iso-butyric acid ester by means of alkyl halides and (C,H;),CNa 
(Ibid., 62 (1940) 2457. For the reversal of the CLAISEN condensation see Jbid., 62 (1940) 
62. When iso-butyryl-iso-butyric ethyl ester is iso-butyrylated by means of iso-butyryl 
chloride, and then cyclisized by means of (C,H;);CNa,—NaOC,H, cannot be used as it 
causes fission instead, — the product is hexa-methyl-triketo-cyclohexane: 
7<Q0 
(CHs)2C = C(CHs)e 
(CH3),CH.CO.C(CH3),.CO.C(CH;),.COOC,H; —> 
O=C C=O 
TSG 
(CHs)2 


This reaction is remarkable because of the fact that in this case a non-enolizable com- 
pound nevertheless undergoes a CLAISEN condensation. For a discussion on the similar 
self-condensation of iso-valerianic ethyl ester with (CsH;),;CNa, see B. E. Hupson Jr. 
and Cu. R. Hauser, J. Am. Chem. Soc., 63 (1941) 3156. 

393 E, FRANKLAND and B. F. Duppa, Ann., 138 (1866) 342. 

$24 A. VON BaEyYERr, Ber., 18 (1888) 3456. Compare also, A. MIcHAEL, Ber., 33 (1900) 
3736. It strikes one that MicHAEt in this case does not work with his otherwise pre- 
ferred hypothesis of addition to a C=C-double bond (for a discussion thereof see 
Pp. 368—3609. 
= This is the viewpoint advocated and represented by A. MicHaEL, Ber., 33 (1900) 
3730. 
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If we consider the acetoacetic ester synthesis as a reaction of the C-metal 
derivative of the one ester molecule, then we must assume that the ester- 
enolate reacts tautomerically according to the formulas, 


ONa O 

6 

cH.=¢ — NaCH,—c™ 
Noc,H, “OC,H,. 


On the basis of the reasons already given on p. 359, though they are not 
strictly valid as proof in this case (p. 360), we shall wish to assign to the 
sodium compound of the acetic ester the formula with an O—Na-bond, or 
the heteropolar formula in which the negative charge is located on the 
oxygen (p. 377). On the other hand, up to the present time no reaction 
has as yet become known in which this bond reacts in this sense, unless 
possibly we wish to assume the second formulation of CLAISEN with the 
still remaining unexplained rearrangement. These reactions can however 
be explained and visualized much more easily, and without doing violence 
to our sense of logic, by means of the metal-organic formula. A similar 
situation is true also for the condensations of ketones with esters *, 97, 
as for example: 


According to the older conception: 


LA hie | 
CEees Ay 


fla oot 


According to mesomerism: Oxalic ester 
H, H, ra H, Y ° 
Cc Cc H | C H 
ee a Sa aS Pi lmieh n 
Hite CH H,C Bend | H,¢ cf CC OC, He 
» | aa { o- Hye do | ~ we do 
ee Sees we : Ne aT A ral + NaOC,H; 
: Hy, Hy, al H, 
Mesomeric enolate form of cyclohexanone. Cyclohexanone oxalic acid ethyl ester. 


In the same way the alkylation of ketones can be explained easily and 


readily by means of a metal-organic formulation of their alkali compounds 
(See p. 304) 38. 

326 A Kotz, Ann., 342 (1905) 306; 350 (1906) 204. 

327 The condensation of ketones with oxalic ester is moreover under some circum- 
stances a very useful method for the preparation of the -keto-carboxylic acid esters : 
the primarily-formed «, y-diketo-esters, or their enol forms, undergo fission at higher 
temperatures, and lose carbon monoxide to form the 6-keto-esters. In the case of 
derivatives of cyclopentanone this carbon monoxide fission does not, so far as known 
at present, take place. | 

328 Compare also R. CoRNUBERT, R. HumeEau, H. Le Brnan and A. MAUREL, 
Bull. Soc. Chim. France (4), 49 (1931) 1264. 
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In spite of its simplicity, the assumption of a tautomerism of the metal 
compounds of the esters, ketones and their related compounds,—in accord- 
ance with which a C-metal compound participates in their transformations™, 
while the form normally present has an enol structure,—has been the sub- 
ject of a lively argument and struggle, and has indeed been rejected by 
the majority of investigators 3°, CLAISEN in particular *? has discussed 
the pro’s and the con’s, and believes that he can furnish sufficient grounds 
for rejecting this assumption. 

The ever again and again raised, principal, objection against this assump- 
tion will be seen in the fact that numerous condensations can be effected 
by means of alcoholic sodium ethylate. Under such experimental conditions 
the formation of C-sodium derivatives ought to be ‘‘completely excluded”’, 
The proof for this assertion is supposed to be evident in the “‘complete”’ 
decomposition of metal organic compounds by means of hydroxyl-containing 
solvents. In reality, however, we must in this case, as in every case, calculate 
with an equilibrium, just as we must, for example, in the case of the “‘com- 
plete’ decomposition of an alcoholate by water. Even if only minimal 
fractions of one percent of a substance are present, then these can none- 
theless—assuming that they react rapidly and that equilibrium is also 
re-established rapidly,—be the determining factors for the direction which 
the transformation will take. Besides this we are forced,— in our application 
of the second scheme or mechanism, as given by CLAISEN, to the conden- 
sation of fluorene with oxalic ester,—to assume a reaction of the fluorene- 
sodium (or of the anion corresponding thereto) in the alcoholic solution 
(See p. 385). The principal objection does not therefore constitute the decisive 
evidence very frequently ascribed to it. 

This principal objection, moreover, loses all force if instead of a rapidly 
established tautomeric equilibrium involving the metal compound or its 
anion, we assume or speak of a mesomerism of the anion: The possibility of 
reacting in the sense of both limiting formulas is then given in any and 
every case because of the mobility of the electrons. 

Another objection against the tautomerism of the metal compounds was 
raised by CLAISEN * in connection with the attempt to interpret his 

°° This analogy has been emphasized especially by TSCHELINZEFF (CHELINTSEV) ; 
G. W. TscHELINZEFF and E. D. OssretTrowa, Ber. d. deutsch. chem. Gesell., 69 (1936) 
374; G. W. TSscHELINZEFF and B. M. Dusinin, J. Gen. Chem. (U.S.S.R.), 7 (%037) 


2309; Chem. Zentralblatt 1938, I, 567—568. Also G. W. TSCHELINZEFF, J. Gen. Chem, 
(U.S.S.R), 5 (1935) 562. 
38° Most recently and emphatically, forexample, by H-ScHEIBLER, Ber., 65 (1932) 988. 
381 Most recently in the textbook of RicHTER-ANSCHUTZ, Chemie der Kohlenstoff- 


verbindungen, 12th ed., 1928, Vol. I, p- 516. (The section here in question was 
actually written by CLAISEN.) 


332 T., CLAISEN, Ann., 442 (1925) 222. 


= 


V110 SALTS OF TAUTOMERIC COMPOUNDS 389 


observations on the alkylation of the phenolates by means of some sort 
of tautomerism. His rejection of these efforts is not based on the impossibility 
in principle of such an interpretation, but rather on what he presumes to 
be a recognition of their inadequacy. 

CLAISEN believes that the hypothesis as it is takes into account only 
the influence of one component of the reaction, namely the metal-organic 
compound, and the influence of the experimental conditions of the reaction, 
but fails to take into account the influence of the second reaction compo- 
ponent, the halide. If, for example, a certain phenol were allylated by 
means of allyl halide predominantly on the carbon atom(s), then it ought 
to react with every other halide in the same way. This is however by no 
means the case, as follows not only from the work of CLAISEN, but also 
from other work on alkylations, especially alkylations of cyanocyclohexa- 
nones 383, The final conclusion drawn by CLAISEN, which hence leads to 
a contradiction with experience, does however contain hidden away an 
assumption that is certainly not generally valid, namely that the relation 
(ratio) of the reaction velocities of two compounds,—here of the O- and 
of the C-metal derivatives—of under similar conditions similarly built 
compounds—here of the halides—must be relatively always the same or 
nearly the same (Compare in this connection Vol. II, Book IV, Chapters 
XIX and XX). For the case on hand the admissibility of such an assumption 
is however by no means proven; the reaction velocities of the two mutually 
independent processes (L. CLAISEN, footnote 331, p. 222) are indeed mutually 
independent; their ratio, which is determined by the ratio of the C- and 
the O-substitution products formed respectively, can therefore vary very 
greatly depending on the nature of the halide entering into the reaction, 
even under otherwise like experimental conditions. 

These considerations remain, as need not be explained in more detail, 
valid in a slightly modified form, even if we assume no equilibrium between 
the C- and the O-metal compounds, but rather lay at the base of our dis- 
cussions the conception of a mesomerism of the ion remaining after the 
separation of the metal, where, depending on the nature of the solvent, 
the state of the ion in the solution will correspond now more to the one, now 
more to the other, limiting formula. 

Because of the quite generally accepted as justifiable objections against 
the tautomerism of metal compounds, attempts have been made to find 
other possibilities for explaining the course of the reactions of ester conden- 
sation and related reactions. The most wide-spread hypotheses set up and 


333 K. von AUWERS, Ber., 61 (1928) 410; K. von Auwers and F. ENBERGS, Ber., 
65 (1932) 828. In the alkylations of the 8-keto-acid esters, such differences have as 
yet not been observed (K. VON AUWERS, loc. cit., Pp. 412). 
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used for this purpose have been sketched already above. They can be proved 
by chemical methods just as little as can a tautomerism of the metal 
compounds,—and just as little can they be conclusively refuted. One of 
the investigators whose life-work was devoted to the study of the phenomena 
of tautomerism, WILHELM WISLICENUS, felt very lively and sensitively 
how unsatisfactory are the results of experimental investigations in the 
field of keto-enol tautomerism, when one tries to interpret these results by 
means of the classical structure theory. He also admitted this quite openly 
as late as in 1921, in a public lecture *%4: ““The Transformations of the Metal 
Compounds of Tautomeric Substances,—an Unsolved Problem’’. WISLICENUS 
himself leaned toward the conception of a tautomerism of the metal organic 
compounds, a view to which he also gave expression in this lecture. But 
it was already much earlier, in 1900 *8°, that he had given a formulation 
of these reactions in this direction. It is remarkable that in this earlier paper, 
where he writes free valences on the O or the C *86—which in today’s 
terminology means the same as the seat of the negative charge and a non- 
active or unshared valence electron pair in the anion,—he comes closest 
to the conceptions which we have today, on the basis of more recent 
knowledge and understanding, as to the state of bonding of the atoms 
in the molecule. 

The fact that it has not been possible heretofore to isolate tautomeric 
forms of the metal organic compounds or of their anions, or even to find 
any real evidence for, or even indications of, their existence, as well as the 
difficulties that arise therefrom for the construction of a picture of tauto- 
meric equilibrium, has created for the concept of mesomerism the decisive 
advantage over older hypotheses, since this concept is free of all these 
difficulties. The visualization or representation of the reactions, can likewise 
be made just as readily also for the case of the assumption of a tauto- 
meric equilibrium. Therefore the concept of mesomerism does not follow 


334 W. WISLICENUS, Z. angew. Chem., S4 119021) 202, 257. 

885 W. WISLICENUS, Ann., 312 (1900) 58; AHRENS Sammlung chemischer und chem. 
technischer Vortrage, Vol. II. On Tautomerism (Uber Tautomerie). There we find on 
pp. 187—253 the rejection of the Michael addition hypothesis for the explanation of 
C-alkylation. It is, by the way, remarkable with what clarity W. WIsLIcENUsS had 
already in 1900, just in this passage (p. 187), recognized the significance of the disso- 
lution or separation of a proton, i.e. the significance of prototropism: ‘One cannot 
pass by these phenomena (tautomerism) without coming to the thought that the 
transformation of the forms, one into the other, is somehow related to a dissociation- 
process (Compare also KNorrR, Ann., 293 (1896) 38). For in these substances some 
degree of dissociation of the labile hydrogen atom, let us say for once just in the form of 
a cation,even if only in the case of a small number of molecules, must always be assumed. 
In the anions then, the change in (type of) bond will occur the more readily the more 
a transport of the hydrogen atom is no longer necessary’’, 

a0 Loc. ctt, ref. 335, Pp. 59. 
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necessarily from the reaction-behavior of the metal derivatives of tauto- 
meric substances. He who fears to make the necessary supplementations 
to classical structure theory in order to carry through and apply the concept 
of mesomerism,—and these of course consist essentially only in the abandon- 
ment of the rigid concept of the dash—formulation of the valence bond, i.e. 
of the rigid distribution of electrons in the anion,—will therefore also not 
allow himself to be convinced of the necessity for the introduction of the 
new concept. This necessity is however actually first given by the chemical 
and the physical behavior of electrically neutral compounds with labile 
electron systems, which one can, especially as regards also their physical 
properties, investigate better than the anions of the salts of the tautomeric 
substances. The detailed justification of the concept of mesomerism must 
therefore also be given on the basis of the examples of such compounds; 
this matter will be discussed in detail in Vol. II, Book III, Chapter XVII. This 
concept of mesomerism has become anchored in the descriptions which the 
Quantum Theory,—which today gives us our profoundest, most penetrating, 
understanding of the nature and types of chemical bonding, is able to give 
us. It is therefore theoretically far more firmly founded than would appear 
to be the case from the supporting evidence here given. The concept of 
mesomerism has furthermore been developed in the cases of entirely different 
classes of compounds from those here discussed and treated; this matter 
will be considered thoroughly at another time. It was probably applied 
first, under the name of “‘synionism’’, to anions of tautomerizable compounds 
of the type of acetoacetic ester by Prevost and KIRRMANN *87. 

What Prevost and KirRMANN understand by the term synionism means, 
within the framework of the general concept of mesomerism, nothing else 
than the mesomerism of an ion. The starting-point for the formation of the 
concept of synionism was the field of the already long-known allyl rearrange- 
ments, which occur in the unsaturated halides of the type of allyl chloride, 
CH,=CH—CH,Cl, and which have made difficulties in the same way for 
both the experimental chemist in his structure determinations and the 
theoretical chemist in the interpretations of courses of reactions. 

337 C. Prévost and A. KirRMANN, Bull. Soc. Chim. France [4], 49 (1931) 194. 


CHAPTER VI 


INTRA-MOLECULAR REARRANGEMENTS 


(¢) INTRA-MOLECULAR REARRANGEMENTS OF HALOGEN COMPOUNDS AND OF 
THE ESTERS OF STRONG ACIDS 


(a) General Remarks 


The capacity to react very easily in the sense of two different formulas is 
also characteristic of quite another class of compounds than the ones we 
have just discussed, i.e. the class of the unsaturated halides, which may 
also be looked upon as esters of substituted allyl alcohols, and therefore 
contain the atomic grouping —C=C—C—X. Attempts to establish the 
structure of such halides, by means of simple substitution reactions, lead 
to rather contradictory results in the application of several reactions, and 
indeed even from a mere variation of the experimental conditions, in that 
these reactions sometimes indicate one structural formula, sometimes 
another. This seems all the more surprising since substitution reactions in 
the case of the usually very reactive unsaturated halides,—the adjacency 
of the neighboring double bond very strongly increases the replaceability 
of the halogen atom—,take place very smoothly and rapidly, without the 
use of energetic conditions of reaction. Unlike the cases of tautomerism 
already discussed, this capacity to react in accordance with two different 
formulas cannot be related to modes of reaction which are already known 
from intermolecular reactions. Nevertheless the behavior of the unsaturated 
halides can, as will be shown later, be comprehended by means of concepts 
related in type to those just developed while explaining the concept of 
mesomerism. The tautomerism of the allyl halides, which has occasionally 
been formulatable in terms of two easily interconvertible desmotropic 
forms, leads on over to the transformations of the saturated halides, which 
are not so readily reversible, and also to the entirely analogously proceeding 
transformations of the esters of strong acids. If the change of structure cannot 
be reversed without more ado, one speaks of an intramolecular transformation 
or rearrangement. In such a rearrangement the carbon skeleton remains 
unchanged, in that only the halogen or the acid radical “wanders”’, ie., 
exchanges its position with a hydrogen atom; it is however also possible 
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that the carbon skeleton simultaneously suffers from deeper-going changes. 

Such intramolecular rearrangements are usually not easily yori 
and have also been observed in the reactions of other classes of compounds, 
and indeed both in reactions in which only the newly introduced substituent 
is found at some other position than was occupied by its predecessor, as 
well as in the type in which the carbon skeleton has been changed. The most 
important of these will be discussed below, after a discussion of the intra- 
molecular rearrangements of the halogen compounds and of the esters of 
the strong acids. In their totality, these rearrangements show very clearly 
what limits must be set to the interpretation of the structural formulas 
as reaction-formulas, and therewith also the limits set to the principle of 
the least possible structure-change in chemical reactions.™ 

At the head of this discussion we place the allyl rearrangements, since 
they are easily reversible and show the closest relationships to the phenomena 
of the tautomerisms and mesomerisms already discussed. 


(b) Allyl Rearrangements 


Allyl rearrangements have caused exceedingly great difficulties in the study 
of the constitution of certain naturally occurring substances, as for example 
in the case of morphine, as well as in the investigation of synthetically 
produced compounds. The complete investigation of the details and the 
recognition of the rearrangements of the simple compounds of the type of 
allyl alcohol was carried out by L. CLAISEN 1» only in 1922. One compound 
which he studied in a particularly thorough and fundamental manner, 
isopentenyl bromide, a bromide derived from isopentene, will be selected here 
for discussion. This bromide can react in accordance with either of the 
two formulas: 


Since a definite determination of the structure of substances of the type 
of isopentenyl bromide and of the substances derived therefrom by chemical 
transformations is often very difficult on the basis of chemical reactions, 
sometimes indeed impossible, one is frequently obliged to make use of 
physical properties in order to arrive at a decision. Use is then made of 
rules derived empirically on the basis of the properties of substances of 

1a Compare Réarrangements M oléculaires et Inversion de Walden (Molecular rearran- 
gements and the Walden Inversion), Colloques internationaux 30 (Montpellier, April, 
1950), Centre Nat. de Recherche Scientifique, Paris, 1951. 

ib L, CLaisENn, J. prakt. Chem. [2], 105 (1922) 65; compare also F. Straus and M. 
EHRENSTEIN, Ann., 442 (1925) 93; K. ZIEGLER, Ber., 58 (1925) 359; Ann., 443 (1925) 


161; J. MEISENHEIMER, Ann., 456 (1927) 133. For more recent papers see This Text, 
p. 345, footnote 3. Fora comprehensive review on the CLAISEN Rearrangement see: 


D. St. TARBELL, Chem. Rev., 27 (1940) 495. 
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definitely known constitution. Thus, for example, the question so important 
here, whether a functional group is bound to a primary or a tertiary carbon 
atom, can be decided on the basis of the boiling points: Primary halides 
boil at a higher temperature than do the isomeric tertiary halides. The 
same tule holds for the corresponding alcohols, the boiling points of which 
lie about 20° higher than do those of the structurally identical bromides. 
The reaction by means of which isopentenyl bromide is most readily pre- 
pared allows of no conclusion as to its structure inso faras the positions of the 
bromine and of the double bond are concerned. It is obtained by addition 
of one mole of hydrogen bromide to isoprene (2-methyl-butadiene).? Accord- 
ingly, if we assume as possible that hydrogen bromide may add not only 
at one or the other of the two double bonds, but also in the 1,4-position 
with a simultaneous shift of the double bond toward the center, no fewer 
than six structural formulas are possible. Sufficient analogies for these 
possibilities are furnished by the addition of hydrogen by means of sodium 
amalgam, as well as by several other addition-reactions (Compare p. 593 etc.). 


a : 
FO col oie cet wat a oe este ata ci ee 
H,C7? 3 4 Baa Stee, eta in positions. 

4 Isoprene 


The hydrolysis of zsopentenyl bromide by water takes place exceedingly 
rapidly, and yields only one tertiary alcohol of the structure: 


Weleieg CH; 
CH,—CH—C—OH, corresponding to a bromide CH,—CH—C—Br . 
CH, CH; 


Esterification of this alcohol with hydrobromic acid leads back again to 
the original isopentenyl bromide. On the other hand, when treated with 
phenol and anhydrous potassium carbonate, the phenol ether obtained is 
one derived from a primary alcohol, and decomposes very readily into iso- 
prene and phenol: 


«ccH—CH,-0-—C,H abe 
CH,~ = = = 6 5 —> C,H;OH — CH zo CH=CH, . 
This then corresponds to the primary bromide 
Cas 
C=CH—CH,Br, 
Gry" 
and the primary alcohol 
=H CH_OF, 
CH,~ 


* Tsoprene + HC yields primarily 1,2-addition, leading to the secondary as well 
as to the tertiary chloride. In the presence of HCl both chlorides rearrange into those 
ae that could be formed by 1,4-addition. See A. J. ULTEE, J. Chem. Soc. London 

1949) 550. | . 
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The ethyl ether, prepared by treatment of the bromide with sodium 
ethylate in anhydrous solvents, is also derived from the same primary 
alcohol; its structure can be determined with certainty by catalytic hydro- 


genation: 

Ag sa aad 0 2 
~ 

ae C=CH—CH,—O—C,H, ——> yh _>CH—CH,—CH,—0—C,H. 
3 3 





Corresponding entirely in its behavior to isopentenyl bromide is the 
bromide obtained by addition of one mole of hydrogen bromide to dimethyl- 
butadiene, 

CH,=C——_C==CH, 
| 
CH, CH, 


The structure of these bromides can hence not be determined from their 
reactions; it does however follow definitely from a comparison of the boiling 
points of the bromides and of the alcohols obtained from them by hydrolysis. 
isoPentenyl bromide boils more than 30° C higher than does the tertiary 
alcohol obtained from it by hydrolysis; according to the afore-mentioned 
rule on boiling points then, these two compounds cannot be of corresponding 
structure, and isopentenyl bromide must therefore be a primary bromide, 
formally obtained by 1,4-addition of hydrogen bromide to isoprene: 


H,C__ H3C_ Z 
C—CH=CH, (—>) C—CH—CH,Br. 
H,C#* >) > + Beoe 
H———————-Br 
The same is true for dimethylbutadiene-hydrobromide: 
H,C CH H,C CH 
senile 8 a) ici Pee Pee Nano"! sofa tilas 
Bc? +7 “CH, H,c7 "<ChH Er: 
H——————_Br 


The reactions of the bromides in anhydrous solvents proceed “normally”, 
i.e. without change in structure; those taking place in aqueous solutions 
undergo rearrangements *. 


3 More recent systematic investigations on the allyl rearrangement, including com- 
pounds containing several halogen atoms, have been made by A. KIRRMANN: — 
A. KIRRMANN and P. Rum, Compt. Rend., 202 (1931) 1934; A. KIRRMANN, R. A. 
Pacaup and H. DosguE, Bull. Soc. Chim. France [5], 1 (1934) 860; A. KIRRMANN, 
Bull. Soc. Chim. France [5], 4 (1937) 502; [5], 5 (1938) 256; compare also Compt. Rend., 
199 (1934) 1228. For further recent work on the allyl rearrangement see: C, PREVOST, 
Compt. Rend., 185 (1927) 132 and 1283; 187 (1928) 1052; Ann. Chim. [10], 10 (1928) 
117; J. MEISENHEIMER and J. Linx, Ann., 479 (1930) 211. For allyl rearrangements 
among the phenol allyl ethers see: O. Mum, H. Hornwarvt and J, DIEDERICHSEN, 
Ber., 72 (1939) 100; O. Mumm and J. Diederichsen, Ber., 72 (1939) 1523. For magne- 
sium organic compounds of the allyl type see A. KIRRMANN, Bull. Soc. Chim. France (5), 
18 (1951) C 9. See further This Text, pp. 399, 400. 
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The actual formation of the bromides seems likewise to take place in 
accordance with the formulas just given above rather than with the principle 
of minimum structural change from which one would predict an addition 
of hydrogen bromide to one or the other of the double bonds. Nevertheless 
the results of the experiments, which were carried out under particularly 
carefully chosen conditions,—avoidance of any excess of hydrogen bromide, 
and in the presence of sodium carbonate—, show that the first product is 
a low boiling, though of course not homogeneous, bromide. This is certainly 
in part the tertiary bromide, formed by normal addition of hydrogen bromide 
to a double bond; the non-homogeneous, low boiling fractions undergo 
rearrangement quite readily and completely on heating * into the much 
higher boiling, primary isopentenyl bromide®. Its formation is hence the 
final result of an intramolecular rearrangement of the tertiary bromide: 


H,C HC 


PREACHES Teo rrsebriwe eC CHBs 
H,C*. Br H,¢~| Ei a 
Hy; Br 
and 
Hix f CH; HsCw Hs | Hes Stet beac 
HC mBr“CHs Hes, ala GHe (srs « GHEre 
AB lea 9 Br 


A similar situation prevails in the case of the two isomeric chloro-butene- 
2’s. With cuprous cyanide both give exactly the same mixture of isomers 
of the cyanobutene-2’s°; 


CH,;,—CH = CH—CH,Cl CH,—CH = CH—CH,CN 
1-Chlorobutene-2, allyl type, 91.5%, readily hydrolyzed 
readily hydrolyzed . 
CH,—C = CH—CH, Sei CH;—C = CH—CH,, 
<0} CN 
2-Chlorobutene-2, difficultly not hydrolyzable 
hydrolyzed 


* L. CratsEn, J. prakt. Chem. [2], 105 (1922) 74, 78; see p. 88 for dimethylbutadiene 
hydrobromide. The surmise of E. H. FARMER and F. C. B. MARSHALL, (J. Chem. Soc., 
(1931) 129),— that the low boiling point observed by CLAISEN was due to admixtures 
of unsaturated hydrocarbons to the high-boiling primary bromide—, isshown to have 
been erroneous by CLAISEN’s observations. that the non-homogeneous fractions after 
heating also exhibit the sharp boiling point of the primary bromide. The doubts 
expressed by these authors in CLaIsEN’s method of proof are therefore without 
foundation. 

& According to W. J. Jones and H. W. T. CuHortey, J. Chem. Soc. London, (1946) 
832, isoprene reacts with HCl to give only the primary chloride. See however also 
A. J. ULTEE; footnote 2. 

* J. F. Lane, J. Fenrrass, and L. T. SHERWoop, Jr., J. Am.Chem. Soc., 66 (1944) 
545: 
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This result can be understood only under the assumption that the course 
of the substitution reaction runs through a common intermediate stage. 
Since, due to the symmetry of u-butene-2, the saturated carbon atoms 
therein are equivalent, the mesomerism here is, if one assumes an ion as an 
intermediate step, of a somewhat different type than in the case of the 
isopentenyl ion: 


+ + 
CH,_CH=CH—CH, and CH,—C=CH—CH,. 


This clarification of the course of these reactions in the formation of 
isopentenyl bromide and of dimethylbutadiene-hydrobromide, as carried 
out by CLAISEN, is very important, for in other cases addition reactions to 
conjugated systems, such as are present in butadiene, take place differently, 
namely primarily in the 1,4-positions, with a simultaneous shift of the 
double bond (Compare pp. 601, 602). 

Because of their ready transformation one into the other, the primary 
and the tertiary bromide may be regarded as desmotropic, like the keto- 
and the enol-forms of aceto-acetic ester. In this case, however, the equili- 
brium lies entirely toward one side, that of the primary bromide. This easy 
transformability is found also in the case of other allyl halides. It has been 
studied in greater detail for the simplest example of this type,—that of the 
primary -methyl-allyl bromide, CH,—CH=CH—CH,—Br, and the secon- 


Br 
dary «-methyl-allyl bromide’, CH=CH-CH The equilibrium lies 
3 
at 86 % of the primary bromide, and is reached in a few days at 20°, in 


a few hours at 75°, and in a few minutes at 100° C, i.e. E = ca. 15 Cal. 
Separation of the two isomers was effected in this case by distillation at ca. 
o° C at 5 mm. pressure. At 93 mm. the primary bromide boils at 49°, the 
secondary at 31°C. In principle we have two possibilities for the inter- 
pretation of the behavior, in its substitution reactions, of the primary 
isopentenyl bromide that predominates by far in the equilibrium mixture. 
In the case of anomalous substitution it may be that the tertiary bromide 
in equilibrium in very small amounts with the primary bromide actually 
reacts much more rapidly than does the primary, and therefore, in spite of 
a great purely quantitative disadvantage, does win out in the competitive 
reaction: For reasons to be discussed below, this, is, however, at least im- 
probable. Or it may be as in the case of the mesomerism of the ions, 
which are possible as intermediate stages in the case of the reactions of 
the metallic compounds of tautomeric substances: After separation of the 
halogen there is formed an ion which is the same for the primary as for 
the tertiary bromide, and its actual state of bonding lies between the two 


7 W. G. Youne and S. WINSTEIN, J. Am. Chem. Soc., 57 (1935) 2013- 
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electron-distribution states which can be expressed by the structural for- 


mulas, 
vc cH_¢H, and NE CH-CH,. 
i wh H,C~ 

In this case we are dealing then with positive ions in contrast to the 
anions formed from the metal compounds of tautomeric substances by 
dissociation of the metal cations. The limiting formulas in this case contain 
a carbon atom surrounded by only six valence electrons, while in the 
former cases they contain an octet about the carbon, or oxygen or nitrogen, 
including one single or unshared electron pair. 

The concept necessary for this assumption,—that in certain types of 
reactions a halide reacts not asa molecule, but rather, after splitting off of a 
halogen ion, as a cation,—was first developed in greater detail by MEERWEIN 
in connection with his observations on the pinacolin and retro-pinacolin 
rearrangements to be discussed further on. In the case of the halides of the 
allyl chloride type the assumption finds further special support from the 
fact that these halides when dissolved in liquid sulfur dioxide solution 
conduct the electric current electrolytically. (Compare Volume II, Book IV, 
Chapter XIX). PREvost and KIRRMANN 8 espressed the opinion that the 
isomeric halides possess a common ion, and hence they speak, using a 
happily chosen expression, of a syntonism of the halides. The rearrangements 
of the isomeric halides one into the other take place via this common ion, 
which besides this also participates in certain transformation-reactions: 


R—CH=CH—CH,—Cl —* R—CH=CH—CcH, 
4+ Cr. 
ve 
R—CHCI-CH=CH, ‘== R—CH—CH=CH, 


<— 


This synionism is to be looked upon as a special case of mesomerism; 
this is given expression by use of the symbol <> which, however, PREVOST 
and KIRRMANN did not use. 

The concept that the tautomerism of the allyl halides depends on a 
mesomerism of the ions that occur as intermediate stages in the alternate 
mutual rearrangement-equilibrium, as well as in chemical transformation- 
reactions, can today be considered as the best founded concept. It is more- 
over also in agreement with the concept that one must develop, on the 
basis of the theory of quantum mechanics, as to the distribution of the 
electrons in unsaturated ions of the type of the positive allyl radicals 
(Vol. II, Book III, Chapter XVII). There still remains open, of course, 
the possibility that, in cases in which a normal substitution is observed, the 

* C. PREvost and A. KirrMann, Buil. Soc. Chim. France [4], 49 (1931) 194. 
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reaction need not proceed via the ion, but may be rather a reaction of the 
electrically neutral halide molecule itself °. 

Above we at first presented, as possible in principle, an explanation for 
the tautomeric behavior of the allyl halides, according to which the behavior 
in chemical reactions is the consequence of a rapidly established equilibrium. 
This may well turn out not to be the case, for it assumes a very rapid 
interconversion of the isomers present in a state of equilibrium. Such a 
rapid interconversion does not however always take place, as is shown in 
particular by the more recent studies of KrrrMANN '°. This hypothesis 
remains unsatisfactory furthermore in that an isomerization of the halides 
is simply presupposed, while on the other hand the hypothesis of synionism 
explains simultaneously the rearrangement of the halides as well as their 
behavior during chemical reactions. 

On the other hand, the behavior of the substituted allyl alcohols on conver- 
sion to the hydrogen halide esters can be understood completely only by 
the assistance of the hypothesis of synionism. Especially careful studies 
have been made on the reactions with hydrogen bromide of both of the iso- 
meric alcohols, crotyl alcohol (y-methylallyl alcohol, CH; -CH=CH—CH,OH), 
and methyl vinyl carbinol (a-methylallyl alcohol, CH#2_=CH—CH—CHs,) ™. 

on 
Under certain experimental conditions, i.e. using 48 % hydrobromic acid 
at —15°C, both alcohols yield practically the same mixture of the two 
isomers, I-bromo-butene-2 (primary bromide) and 3-bromo-butene-1 
(secondary bromide). It must therefore be assumed that, whatever alcohol 
is used, the reaction runs through the same intermediate stage, that of the 


mesomeric ion CH,—CH = CH—CH, <-> CH,;,—CH—CH=CHg, which 


9 See furthermore This Text, Chapter X, p. 395 footnote 3. 

10 More recent systematic investigations on the allyl rearrangement, including com- 
pounds containing several halogen atoms, have been made by A. KIRRMANN: — 
A. KrrRRMANN and P. Rum, Compt. Rend., 202 (1931) 1934; A. KIRRMANN, R. A. 
Pacaup and H. Dosgue, Bull. Soc. Chim. France [5], I (1334) 860; A. KIRRMANN, 
Bull. Soc. Chim. France [5], 4 (1937) 502; [5], 5 (1938) 256; compare also Compt. Rend., 
199 (1934) 1228. For futher recent work on the allyl rearrangement see: C. PREVOST, 
Compt. Rend., 185 (1927) 132 and 1283; 187 (1928) 1052; Ann. Chim. [10], 10 (1928) 
117; J. MEISENHEIMER and J. Linx, Ann., 479 (1930) 211. For allyl rearrangements 
among the phenol allyl ethers see: O. Mumm, H. Hornuarpt and J. DIEDERICHSEN, 
Ber., 72 (1939) 100; O. Mumm and J. Diedrichsen, Ber., 72 (1939) 1523. See futher 
This Text, pp. 618, 722, 745- 

11 W. S. Younc and J. T. Lanz, J. Am. Chem. Soc., 60 (1938) 847; R. A. OGG, Jr., 
J. Am. Chem. Soc., 61 (1939) 1946, of course contends against the following expla- 
nation, which agrees in the main with the views of YounG and Lang, for according 
to him, Occ, the ion on the C* should be hydrated, and in the hydrated state two 
isomeric ions should be capable of existence. Since however the H,O bound to the C* 
is certainly exchanged readily, it must be assumed that during the exchange-reaction 
the ion does pass through a state in which the C+ is free for a short time. 
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then unites with bromide ion. Under other experimental conditions, however, 
it is not without importance which alcohol one uses; thus when sulfuric acid 
is added, or when one esterifies with (dry) hydrogen bromide gas at —20° C, 
the products show slight though definite differences, which amount to as 
much as Ir % when hydrogen bromide in glacial acetic acid is used as 
the reagent. Here then, to all appearances, the reaction proceeds not only 
via the ion, but by another path as well, namely that of a bimolecular sub- 
stitution in the formation of the bromide. We have also other important 
indications as evidence that the substitution of a hydroxyl by a halogen 
may take place by various means and paths; we shall discuss these later 
in Chapters VII and X. In no case then may we cite the observed differences 
as evidence against the theory of synionism, a thing to which one might be 
led by a superficial consideration of the facts. 

Allyl rearrangements combined with an intramolecular migration of 
the allyl group always occur in the rearrangements of the phenyl allyl ethers 
into o-allyl-phenols * (See This Text, p. 365), and sometimes also in the 
rearrangement of the di-ortho-substituted phenyl allyl ethers to form the 
corresponding p-allyl-phenols, (See This Text p. 812). These rearrangements 
differ of course from the allyl rearrangements already discussed in that they 


12 L. Craisen and E. Tirrze, Ber., 58 (1925) 275; 59 (1926) 2344. The intermediate 
stage passed through can be represented in still greater detail by means of the electron 
mode of notation: O. Mumm and F. Mérter, Ber., 70 (1937) 2217; compare Ibid. 72 
(1939) 101; B, E1stert, Tautomerie und Mesomerie, p. 97 (Stuttgart, 1938); Cu. D. 
Hourp and M. A. Porrack, J. Org. Chem., 3 (1939) 550. For a paper directed against 
the representation of the rearrangement into the p-position as given by Hurp and 
PoLiack, see O. Mumm and J. DiEpDERICHSEN, Ber., 72 (1939) 1525. Similarly, in the 
same place, are given examples for the allyl rearrangement accompanying the migra- 
tion of an allyl residue into the p-position (Compare also p. 395, footnote 3 and p. 812, 
footnote 263 where further literature on the subject may also be found). According to the 
experimental results of Mum, the allyl residue here migrates as a radical; t.e. it does not 
separate off as a cation as in the ordinary allylrearrangement. For this see also the review 
article by W. Htcket in Naturforschung und Medizin in Deutschland 1939—1946, in 
FIAT Review of German Science, Theoret. Organ. Chem. I, Vol. 34, pp. 137, etc, 
The migration of a homologous allyl group may be accompanied by a change in the 
place of attachment on the chain not only from the a-to the y-position, but to the 
6-position as well. Thus, for example, the «-A,-hexenyl ether of p-hydroxybenzoic 
acid ester yields not only the normal product of rearrangement {3-[«-methyl-y-ethyl- 
allyl]-4-hydroxy}-benzoic acid ethyl ester, but also the anomalous product, 3-[«-pro- 
pylallyl)-4-hydroxy-benzoic acid ester (also known as ethyl-[8-hexenyl- A;-p-hydroxy]- 
benzoic acid ethyl ester) : 

CH, 
Om eH OH 
| 


CH—CH,—CH,CH, —> ee 


~CH,—CH,;—CH, 


COOC,H, COOC,H, (normal product), 
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take place on an allyl radical rather than on an allyl cation 1%, their chemical 
mechanism will be discussed in another connection later on (Ihis Text, 
Chapter X, p. 812). Here we wish to consider only the nature of the struc- 
tural regrouping in the formation of the o-allylphenols. The unsaturated end 
of the allyl group comes within the sphere of influence and action of one 
of the benzene-ring carbon atoms adjacent to that holding the ether group. 
The hydrogen atom attached to this carbon atom is then displaced, while 
simultaneously the electrons in the allyl group also undergo a shift: 


H 
= 
O O 
a Ct ” et a 
| | nee CH, a — a 
NS = CH wa CH 
eA) \c7 
C= 
| \R | SR 
i Et 


Another piece of evidence for such an intramolecular course of reaction 1s 
the rearrangement, in the presence of 3,5-dideuterophenol, 


OH 
| 
& 
te ees cares: 
| | 
D—C C—D 
“Were 
| 
‘ial 


of phenyl-allyl-ether to o-allyl-phenol, without any deuterium entering into 
the molecule of the latter ™. 


and the anomalous product 
OH 


ee ne oor, 


| 
CH, 


COOC,H; 


W. M. Laver and R. M. LEEktey, J. Am. Chem. Soc., 61 (1939) 3043. For further 
papers on the rearrangements of the phenyl allyl ethers, see also: W. M. LAUER and 
R. M. Leextey, J. Am. Chem. Soc., 61 (1939) 3042; W. M. Laver and H. E. UNGNADE, 
_ Am. Chem. Soc., 61 (1939) 3947- 
j 13 For the literature ae ak p. 812, footnotes 260-2006. Also Naturforschung und 
Medizin in Deutschland (Natural Science Research and Medicine in Sermety) 989 
1946. The American FIAT Review of German Science, Vol. 34, ie hae an ere 
Chemistry, I, pp. 137 etc. O. W. Leibiger Research Laboratories, Inc., Peters ine 
New York, 1951. Perhaps this is the case also for the magnesium organs packet hi 
of the allyl type, where much still remains enigmatic. A. KIRRMANN, Bull. Soc. Chim. 
. 5), 18 Ty C0. Pies or! 
j Ligh ae (nee E. A. SapowInkowa, J. Gen. Chem. (U.S.S.R.), 10(1950) 1898. 
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= 


Various other allyl migrations involving rearrangement are very closely 
related to this reaction. ie, 

The allyl migration in the rearrangement of N-phenyl-benzimino-O-allyl 
ether into benzo-phenyl-allyl amide (N-phenyl-N-allyl-benzamide) takes 
place by exactly the same mechanism; here too the migration is related 
to an allyl rearrangement, as could be shown by the example of N-phenyl- 
benz-imino-O-crotyl ether which undergoes rearrangement at 210°—215° C 
into benz-phenyl-| «-methyl-allyl-|-amide (N-phenyl-N-«-methylallyl-benz- 
amide) in about half an hour ¥: 





NC,H; HC—CH, CH, 
VA . INS 
CeHs—Co CH eek Hy—C eG CH, 
\ | 
Ore CH, O CH, 
Gels 


Entirely analogous is the allyl rearrangement in the transformation of 
allyl rhodanide (thiocyanate) into allyl mustard oil (isothiocyanate), as could 
be proved by the rearrangement of crotyl thiocyanate (y-methyl-allyl-] 
rhodanide (or thiocyanate) into [«-methylallyl-] -mustard oil !*: 


CH " 
pS H,C=CH_ 
H,C Ps OE ee CH—CH, ’. 
S=C=N~ 
S—C=N 


(c) Migration of Halogen Atoms in Saturated Halides 


From a theoretical point of view the observations made on the rearrange- 
ments of the saturated halides appear less simple than the behavior of the allyl 
halides. First of all the mutual isomerizations occur in general much less readi- 
ly, so that we have here a particular justification for speaking of “‘vearrange- 
ments’. At the same time there are, as already mentioned, such rearrange- 
ments in which only the halogen migrates, so that the carbon skeleton then 

*° O. Mumm and F. Morter, Ber., 70 (1937) 2214. 

#6 O, Mumm and H. RicuTer, Ber., 73 (1940) 834. 

“” For the rearrangement of allyl groups in the three-carbon atom system, see 


A. C. Cope and Coworkers, J. Am. Chem. Soc., 62 (1940) 441; 63 (1941) 1843, 1858; 
69 (1947) 1893. 
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remains intact, and also such as involve deep-seated changes in the carbon 
skeleton. To these rearrangements of the halides correspond completely, as 
was just mentioned, the rearrangements of the esters of strong acids. 
The simplest case of the migration of a halogen atom with the simulta- 

neous preservation of the carbon skeleton is exemplified in the mutual 
rearrangement, leading to equilibrium, of ”-propyl bromide into zsopropyl 
bromide 18; examined in greater detail, however, is the isomerization of 
the primary 7so-butyl bromide (or iodide) and tertiary-butyl bromide (or 
iodide) }°: 

CHy_ i ah CHa -CHs 

CHF SCH Br CGH Br?) 


This reaction also takes place much more readily. 

Substitution reactions associated with these rearrangements yield no 
clear picture of the constitution of these butyl halides. 7soButyl iodide may 
react as the normal compound in one case and as the tertiary iodide in 
another case. Thus with silver acetate, and in the absence of a solvent, the 
only product is isobutyl acetate; in glacial acetic acid solution both the 
primary and the tertiary acetate are formed in a ratio of about 1: 2°, 
alongside of isobutene. With silver cyanate, the zsobutyl iodide reacts, 
depending on the experimental conditions, to yield predominantly either 
isobutyl cyanate or tertiary butyl cyanate *?; 


7 (CH),CH—CH,—N=C=O 
(CH,),CH—CH,I + AgNCO 
Sw” (CH,),C—N=C=0. 


isoButyl and tertiary-butyl iodide therefore react as if they were tauto- 
meric compounds. 

A ready (and tempting) interpretation of these phenomena of tautomerism 
might be given by the hypothesis that in the case of iso-butyl iodide the 
substitution does not proceed directly, but rather via an intermediate step, 
in such a way that the principle of least possible structural change is main- 
tained at each step. One such intermediate stage might be zsobutene, a 
substance usually obtained as a by-product in the rearrangements and 
reactions involving isobutyl iodide. The derivatives of tertiary butyl alcohol 


18 [. ARONSTEIN, Ber., 14 (1881) 607; Rec. Trav. Chim., 1 (1882) 134. Compare 
also This Text, p. 419, footnote 66. : 

19 A. ELreKorr, Ber., 6 (1873) 1258; 8 (1875) 1244; A. E. Faworsk!, Amn., 354 
(1907) 325- 

20. LINNEMANN and V. Zorta, Amn., 162 (1872) 12. 

21 B, BRAUNER, Ber., 12 (1879) 1874, 1877. 
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would then be formed in accordance with the subsequent addition-reaction 
to zsobutene: 


CH, Chas . 
CH=CH 4 AgOOC—CH? |= C=CH, 4p Agi CH, COO, 
CH; CHa 
3 4 
and ae 
CH eee HS 
*“\c=CH,+CH,COOH = e—CHs 
CH,~ CH,“ | 
Os Carters 
| 
O 


As a matter of fact, under suitable experimental conditions, acetic acid 
does add on to isobutene in this manner. But already LINNEMANN ®, who 
had first observed these reactions, considered this interpretation as improb- 
able because of the quantitative ratios in which the various reaction pro- 
ducts are formed; nevertheless he was not able to refute with certainty this 
hypothesis of stepwise reactions. This is possible only when the velocities 
of the separate steps of the reactions as here assumed are known. Thus for 
the case of isobutyl bromide MICHAEL *° was able later on to show that the 
rearrangement into the tertiary bromide proceeds faster than the splitting 
out of hydrogen bromide. It is therefore not possible to save the principle 
of the least possible structural change by the assumption of intermediate 
steps. Rather, one must assume, with LINNEMANN, that intramolecular 
isomerizations, such as could not be foreseen from previous experience on 
bimolecular reactions, do take place. ) 

Other than the cases of both the butyl bromides and iodides just mentioned, 
the rearrangements of the simply built halides and esters of other strong 
acids have scarcely been investigated *4. 

In the simplest conceivable case, in that of the butyl bromides, we find 

22 E. LINNEMANN, Ann., 162 (1872) 29. 

23 A. MICHAEL, Ann., 379 (1910) 270. 

*4 A. E, Faworski, Ann., 354 (1907) 325. The formation of cyclic ethers with a 


six-membered ring, from the higher di-primary glycols with normal chains when acted 
upon by sulfuric acid, such as 
: CH,—CH,—CH, 
HO—CH,—(CH,),—CH,OH  —>_ | 
O——CH——CH, 
| 
CH,—CH,—CH,—CH,—CHs, 
as observed by A. FRANKE (For literature see Monatsh., 53—54 (1929) 577), is probably 
the result of a migration of the sulfuric acid residue. The proof of the constitution was 
carried out by oxidation of the ethers. Compare also This Text, p. 419. For the forma- 
tion of isomers in this reaction compare also A. FRANKE and A. Kroupa, Monatsh., 
56 (1930) 338; 69 (1936) 167, including a compilation of the literature. Also A. FRANKE, 
A. Kroupa and T. Panzer, Monatsh., 60 (1932) 108. 
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alongside of the above-mentioned isomerization,—isobutyl bromide = 
tertiary butyl bromide,—also a rearrangement, on heating to 200°, into 
n-secondary butyl bromide; as yet, however, the partial reconversion of 
the latter into zsobutyl bromide has not been observed ”?: 
CH 
CH—CH => (CH,),=c— 
ah CH,Br => (CH,);=C—Br 


CH,—CHBr—CH,—CH. 


It is probable that one did not formerly think of or consider such deep- 
seated rearrangements because, in the case of the isomerization first named, 
the principle of least possible structural change could be saved by the, 
though erroneous,—hypothesis of the stepwise reaction, and according to 
this hypothesis only a conversion of the primary into the tertiary bromide, 
and the reverse, is possible 2°. In the case of somewhat less simply con- 
structed halides, however, larger numbers of isomerizations involving a 
change of the carbon skeleton are known. 


(d) Pinacolin and Retropinacolin, or Pinacol-Pinacolone, Type of Rearrange- 
ments. Changes in the Carbon Skeleton * 


(1) Halogen Derivatives 


Such structural changes take place with remarkable ease in the case of the 
saturated halides when these are marked by certain constitutive peculiari- 
ties. In general here the “migration” of a halogen atom is associated with 
a deep-going structural change in the carbon skeleton. Thus the primary or 
the secondary halides derived from trimethyl- and tetramethylethanol can 
react as if they were tertiary halides with a different carbon frame-werk ** **: 


2 W. HtcKer and P. ACKERMANN, J. prakt. Chem. [2], 136 (1933) 15. 

26 A. E. FAworskI, Amn., 354 (1907) 342. 

27 The naming of the rearrangement and of the substances involved is the subject 
of some confusion. While applying originally to the conversion of pinacone to pina- 
colin, the term is now of much broader application. The di-tertiary vicinal glycols 
are known both as pinacones and as pinacols, the ketones formed by rearrangement 
as pinacolins or as pinacolones respectively. The rearrangement may be named either 
by the product formed, or in accord with the product transformed. Similarly the alco- 
hols themselves may be referred to as pinacols or pinacol alcohols, or aS pinacolin 
alcohols. (See BERNTHSEN-SUDBOROUGH, Organic Chemistry, 1941 edition, p. 645; also 
FIeseR and FieseEr, p. 714). Thus the FIESERS speak of the pinacol rearrangement, 
BERNTHSEN of the pinacol-pinacolin or pinacol-pinacolone transformation, and HUCKEL 
of the pinacolin and retropinacolin rearrangements. KARRER (Organic Chemistry) calls it 
the pinacolin rearrangement, while his British translator (MEE’s translation, 4thedition, 
p. 645), calls it the pinacol rearrangement. (Translator’s note by BAH SE): 

28 A. RicHARD, Ann. Chim. Phys. [8], 21 (1910) 323. 

29 Compare also M. TISSIER, Ann. Chim. Phys. [6], 29 (1893) 359- 
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CH; CH3~_ 
nie’ cea ET oO 
CH,” | | cHy | I 
CH,<—>Cl Cl <— CH, 
C Hy~ UH CH3_ UH 
C————-C era Lp cgee 
CH,~ | | “CH; CH,~ | | “CH; 
CHivge ss Ch Cl <—> CH, 


As a constitutive peculiarity in the case of the halides we have the 
quaternary carbon atom bonded directly to the carbon atom attached to 
the halogen-atom-bearing carbon atom. In the final result, the reaction 
amounts to an exchange of place between the halogen and the methyl, or 
more generally, also other carbon-containing (organic) radicals, represented 
in the formulas by <--. No examples for the exchange of such groups are 
known among the bimolecular reactions. 

Light is thrown on the essential nature of these rearrangements by the 
fact that the secondary chloride (CH,),—-C—-CHCI—CH, obtained from 
neo-hexane by chlorination, 

(CH,),C--CH, ACH, s5/CH, |. G-eciieiesth 
is a quite stable compound at ordinary temperatures *°, On the other hand 
it is not formed from the corresponding secondary alcohol by the usual 
methods, as for example with hydrogen chloride or phosphorus pentachlor- 
ide; in the attempt the structural changes described above take place 
instead. Very closely related thereto are the reactions of the secondary 
alcohols which contain a branched carbon chain as well as the hydroxyl 
group with reagents that produce a substitution of hydroxyl by chlorine; 
even under the mildest conditions tertiary chlorides are formed *1. The 
secondary chlorides prepared by other methods are stable in this case as 
well, and do not undergo rearrangement; we do not here have a case of 
a rapidly established equilibrium between tautomeric forms. The instability 
of the carbon skeleton is then strictly not present in the chloride. It finds 
expression only when the chloride is to be formed from the alcohol, or 
when it reacts,—hence in some intermediate step through which the course 
of the reaction passes. The chlorination of the hydrocarbon therefore 
proceeds quite normally because it does not traverse via this particular 
intermediate step. This step is, as we shall show further on after a discussion 

3° F.C. WuItmMore, H. I. BERNSTEIN and S. W. Mixon, J. Am. Chem. Soc., 60 (1938) 
2539. Neopentyl iodide, (CH3),C-CHylI, is even quite remarkably stable; [bid., 61 (1939) 
1324, 1585, 1586. 

3! F.C, WHITMORE and F. JoHNSTON, J. Am. Chem. Soc., 60 (1938) 2965. Not all 
secondary alcohols of similar structure behave in the same way; thus for example the 
sec.-l-menthol in a very smooth reaction yields both the two diastereo-isomeric chlor- 


ides /-menthyl chloride and d-neomenthyl chloride, W. Hicker and H. Pretrzox, Ann., 


5409 (1939) 250. The absence of a tertiary chloride was established also by R. GACHARD, 
Bull. Inst. du Pin, 42 (1933) 70. 
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of the factual material, the carbon cation (See p. 421) remaining behind 
after the dissociation of the chlorine as an anion. 

The formation of primary eo-pentyl iodide, (CH s);C—CH,I, from neo- 
pentyl magnesium chloride and iodine, likewise does not proceed via this 
intermediate step, and therefore takes place quite normally. The same is 
true for the reaction series, 

(CH;);CCH,OH(Z) + CISi(C,H;)3 —» (CH );CCH,°O-Si(C.H5)3; 
I + PBr, in quinoline + benzene —> (CH;),CCH,Br; 
I + SOC], —> (CH ),;CCH,Cl #4. 

Most closely related to the intramolecular rearrangements of the halides are 
the rearrangements that have been observed to accompany the splitting out of 
water from alcohols. This elimination,—if we leave out of consideration the cata- 
lytic fission by means of aluminium oxide and other catalysts at temperatures 
usually of 300° and above, —most certainly takes place step-wise, involving 
first the formation of esters that can be isolated, which then, in a second 
stage, decompose thermally to form an acid and an unsaturated hydro- 
carbon. The esters of strong acids such as sulfuric acid, the organic sulfonic 
acids, and of zinc chloride reacting as an acid in the form of 


nCl, | 32b 
| [4,0], 
| OH. | 
- behave in quite complete analogy to the esters of the hydrogen halide acids, 
and in general yield the same hydrocarbons on thermal decomposition. 


(2) Pinacols 


In the case of the simplest ““pinacolin-alcohols”’ mentioned above, as alco- 
hols containing one quaternary carbon atom adjacent to the carbon atom 
bearing the hydroxyl group are called, after their first-discovered repre- 


sentative, 
che) 
CH,—C—CHOHCH,;, 
CH; 


these rearrangements have not yet been fully clarified, in spite of numerous 
investigations #8, On the other hand, in the case of the bi-cyclic terpene- 
alcohols of the pinacolin type, which themselves, as well as in the form of 
their derivatives, crystallize well, and can therefore be tested relatively 


32a |. H.Sommer, H. D. BLANKMAN and P.C.MittEr, J. Am. Chem. Soc., 73 (1951) 

542. 
a This concept of zinc chloride as an acid corresponds to the explanation for 
the acid nature of aqueous solutions of AuCl, and PtCl, first given by W. HittorF and 
H. Satxowski (Z. physikal. Chem., 28 (1899) 546). It was first applied to ZnCl, by 
H. MEERWEIN, Ann., 455 (1927) 227- Compare also F. REIFF, Z. anorgan. allgem. Chem., 
208 (1932) 321, where further references to the literature are given. 

33 HF. MEERWEIN, Amn., 435 (1924) 191. 
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easily for their purity, the investigations of MEERWEIN have led to a complete 
clarity of the interrelationships. Since the changes in the carbon skeleton 
observed in their case are exactly the same as in the case of the simple 
pinacolin-alcohols, we may probably without doubt apply MEERWEIN’s 
experience and conclusions to these simpler cases. 

The reactions to be considered are as follows: (1) Pinacolin-alcohol splits 
out water to yield predominantly tetra-methyl-ethylene, alongside of 
1-methyl-1-7sopropyl-ethylene **: 


CHae seeeeelg 
Che eect 





CH, H PC Hy H JA Principal reaction, 

| | * | Tetramethylethylene + H,O 
CH;—C—C—CH, = | Cet ih ha < ae 

| | CH Bie 
pHSetsion | HO GHy! Fe Par eee SE 


Hot GH; 

Side reacticn, 
1-Methyl-1-1sopropyl-ethylene. 
(2) Conversely the carbon skeleton of tetramethylethylene can be converted 
back into that of pinacolin alcohol if the so-called pinacone, the simplest 
di-tertiary glycol, is subjected to dehydration under suitable conditions 35, 
as for example with strong sulfuric acid, or at 275 to 300° C with silica- 


gel saturated with phosphoric acid 36, The main product then formed is — 


pinacolin, a ketone: 


oe ne T CH; OH : 
—CH,—C——_C_-CH, = | CH;—-C——C—cH, 
burcePees z daz br 
Pinacol (or pinacone) | 
CH Oa ete 
ac Oe ad CH ry Bayes on => GH ideas CH 
CH. SCH, nite i 7 " ee 


| 
CH, 0 Os os 
Pinacolone (or pinacolin). 


Here too we can visualize the process most conveniently by means of a 
place-interchange of the methyl and hydroxyl groups, followed by the 
splitting out of water. Both of these reactions, the first, the retro-pinacolin 


34 F. Couturier, Ann. Chim. Phys. [6], 26 (1892) 446. 
HG CH 
°° Under other experimental conditions dimethylbutadiene, SE eS a » ais 
HyC*, SCH, 
as.t : pal product by a predominantly normal course of the reaction, 
94 % yield, W. S. Emerson, J. Am., Chem. Soc., 69 (1947) I2I2. 


obtained as the princi 
36 





7 
— ae ere eee ee, ee ee 
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rearrangement*’, as well as the second, the pinacolin rearrangement, have been 
found in numerous substances of the corresponding suitable structure; thus 
for example the already mentioned transformation (See p. 122) of camphen- 
ilol into santene is actually an example of a retro-pinacolin-rearrangement. 
In the case of ring-shaped or cyclic compounds the corresponding changes of 
the carbon skeleton may under some circumstances mean a ring-narrowing 
or ring-widening. A few examples may suffice *°: 


Retropinacolin- Rearrangement : 


H,C et = Se 
25% 
—OH ——> N\ 
1,1-Dimethylcyclohexanol-2 A,-tsopropyl-cyclopentene. 
75% 0 
a aes a H—CH, [0% ue CHS’ 
| Se CH ie ste 
—CH; 100% : ’ ars Cis 
A,-1,2-Dimethyl- Methyl-(a«-hydroxy- 
cyclohexene ethyl)-cyclopentane *° 


When the pinacolin-alcohol has several substituents, several types of 
isomerizations are possible, as these examples show. It is not possible to 
predict the ratio of the velocities in which the individual groups will 
migrate. 

Under this heading come also the rearrangements of unsaturated com- 
pounds under the influence of acids, as for example the transition of an 
x- into a 8-campholytic acid *°: 


HG «<CHy 
CH, 
HOOC—CH——C HOO AC SL CH 
ORO. tend ett 3 
CH CH, CH,—CH,~ ‘cH, 


37 F. CouTuRIER, Ann. Chim. Phys. [6], 26 (1892) 433, first called attention to this 
rearrangement process. The name was given by M. TIFFENEAU, Fev. Gén. Pur, Sct. 
Appliquée, 18 (1907) 583- : 

88 For a more complete compilation of the reactions of this type see M. GoDCcHOT, 
Bull. Soc. Chim. France [5], 1 (1934) 1171. 

39 H. MEERWEIN and W. UNKEL, Amn., 376 (1910) 152; H. MEERWEIN, Ann., 405 
(1914) 129; 417 (1918) 255; compare also H. MEERWEIN and J. SCHAFER, J. prakt. 
Chem., 104 (1922) 289. 

40 J. Brept, J. prakt. Chem. [2], 83 (1911) 400. 





410 INTRA-MOLECULAR REARRANGEMENTS 


which can be represented by the scheme of a sequence of reactions: 


ALG. aC. Ba OM aad 
HOOC—CH——C._ eae sis pou dbase so: 'yOH 
CCH, + = 

bu, —cHe Sei CHieCHy SOE: 
a-Campholytic acid 
HO cH 

uk ae ; _CH, 

HOOC=<C'Hi-—C. s CH, HOOC—C=—==C_ gh 

<e c > | C 

CH, CH,-2" 56H; CH,—CH,~ “>CHy; 


8-Campholytic acid 


Pinacolin- Rearrangement : 


ee nay 
OH OH ; - | oo 
it est | ee 
| | O 
HO 
ay oad yee 


The spatial position or configuration of the groups may exert an influence 
on the rearrangement. Heretofore, of course, only a qualitative difference 
has been established in the case of true pinacols (pinacones). Thus when 
cis-1,2-dimethyl-cyclo-pentane-diol is treated with 30 °% sulfuric acid it 
gives an 87 % yield of 2,2-dimethyl-cyclopentanone, while under the same 
conditions the trans-compound gives only a 7 % yield 43. Either then, the 
rearrangement in the case of the cis-compound proceeds very rapidly 
relative to the side-reaction, while in the case of the trans-compound it 
proceeds slowly, or in the case of the trans-isomer the side-reactions take 
place more rapidly than in the case of the cis-isomer. No corresponding 
difference has been observed in the case of 1,2-dimethyl-cyclohexane-diol. 
On the other hand, in the case of the diols which are not genuine pinacones, 
a difference in the direction of dehydration has been established at times 


*) W. MEIsER, Ber., 32 (1899) 2049; N. D. ZELINSKY and N. I. SCHUIKIN, Ber., 62 
(1929) 2180. 

42 W. HUCKEL and R. DANNEEL, Ann., 474 (1929) 127. 

“8H. MEERWEIN, Ann., 542 (1939) 126. The contrary findings of P. D. BARTLETT 
and I, PéckEL,—]J. Am. Chem. Soc., 59 (1937) 820,—as well as of P. D. BARTLETT and 
A. BavLEy,—/J. Am. Chem. Soc., 60 (1938) 2416,—have been shown by the work of 
MEERWEIN to be erroneous. On the problem of the rearrangement of tvans-dimethyl- 
cyclohexane-diol see also S. NAMETKIN and N. DELEKTORSKY, Ber., 57 (1924) 583. 
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even for the cis- and the trans-forms ; thus for example on catalytic dehydra- 
tion c?s-1,2-cyclohexane-diol yields cyclohexanone by a normal reaction, 
while the trans-compound undergoes ring-constriction or narrowing to 
form cyclopentyl-formaldehyde 4. 


‘ents 
AN 
See 
ee wy S pie 
| SE | 
Hos 2 Pa 
Saag ae 
Trans-1,2-Cyclohexane-diol-1,2 Cyclopentylformaldehyde 
aes 
ooo | 
—OH ; 
ip tor wees 
Cis-1,2-Cyclohexane-diol-1,2 Cyclohexanone 


(3) Alcohols 


That rearrangements involving a change in the carbon skeleton during the 
thermal decomposition of esters are not limited alone to the esters of the 
alcohols of the pinacolin type and to true pinacones, i.e. to ditertiary 
glycols, but may also occur otherwise,—even though very frequently only 
in slowly occurring ‘‘side-reactions’’ alongside of the ‘‘normal’’ reaction,— 
i.e. the decomposition reaction not involving any structural changes,—is 
shown even by the simplest conceivable case. The splitting out of water 
from the primary isobutyl alcohol by means of zinc chloride * yields 
predominantly a mixture of both the two stereo-isomeric 1,2-dimethy]l- 
ethylenes, while the “normal” reaction product, zsobutene, is formed only 
in minor amounts *: 


ts a 7 CH,—CH=CH—CH, (cis- and trans-) 
CH—CH,OH 


CH,” ‘“ Eace CH, 
3 
CH,—C—H CH,—C—H 
\ and 1] 
CH OH Ha-C--CH,. 
cis- tvans- 


44M. TirrENEAU and B. TcHousar, (CHOoUBAR) Compt. Rend., 199 (1934) 1624. 
A further example will be found, Jbid., 202 (1936) 1931; compare also [bid., 199 (1934) 
360. It is probable that in this case a so-called “ethylene oxide’’ rearrangement takes 
place, compare [bid., 212 (1941) 581; compare also This Text, p. 436. 

45 When aluminium oxide is used as the catalyst, the product is almost pure 1so- 


butene. : 4 7 
#6 J. A. Le Ber and GREENE, Bull. Soc. Chim. France [2], 29 (1878) 306. 
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Further examples are the elimination of water out of c7s- and of tvans-o- 
cyclohexyl-cyclohexanol #7, which leads to a mixture of cyclohexyl-cyclo- 
hexene and cyclohexyl-cyclopentenylmethane : 


on SX > { About 97-57% from cis-, 
JA hore o% from trans- 

“C ZnCl, 7 

ae had os ans oo 

( io nea ae CHa [ About 2.5% from ,, 

ee: aa ae gage S77 |e 20% from trans- 


as well as out of czs- and trans-o-cyclopentyl-cyclopentanol **, in which 
both isomers yield chiefly A,,,-octalin (probably alongside of a little 
cyclopentyl-cyclopentene) : 


Wee 
| Fe a ake i 
ee Gk ‘ A 


OH 
(probably) 
Cis- (or trans)-o-Cyclo- Practically pure from tvans-; not 
pentyl-cyclopentanol. quite homogeneous when prepared 


from the cis-compound. 


Furthermore, it is probable that the formation of 6-chloropyridine from 
potassium pyrrole (Compare This Text, pp. 679—680) and chloroform should . 
also be considered here, as presumably taking place via w-dichloro-$- 
methyl-pyrrole as an intermediate step °°; 


| | “K+ CICHC], 
Ne 


N 
i 


CHC (\-4. 

J > | c 

N Ee 

H 

In all probability, all of these reactions take place by a mechanism 


m W. HUckeL and O. NEUNHOEFFER, Ann., 477 (1930) 99. 
ri bi ant think of the OH-group as cis- or tvans- to the other cyclohexenyl-group. 
W. Htcxerand A. GERcKE, Amn., 477 (1930) 131; compare also N. D. ZELINSKY 
I, Titz and L. Fatrjew, Ber., 59 (1926) 2580. ) 
°° G. PLANCHER and U. Pontt, Atti Acad. Lincei [5], 18, II 


Ber., 37 (1904) 4233. (1909) 469; G, CraMIcIAN, 
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similar to that involved in the splitting-out of water from the pinacolin- 
alcohols *1. 

In the case of the catalytic dehydration by means of aluminium oxide, 
charcoal, or carbon, etc., it appears that the formation of unsaturated hydro- 
carbons with the carbon skeleton of the original alcohol subjected to 
dehydration is more frequent than in the thermal decomposition of the 
esters. In the case of the pinacolin-alcohols however, the rearrangement may 
under some circumstances occur very smoothly even in this case, as illustrat- 
ed for example by the dehydration of 7so-borneol to camphene over animal 
charcoal at 220° *!, The investigations in this field are as yet too incom- 
prehensive to reach any decision as to whether or not the conceptions 
derived from the detailedly investigated ester rearrangements are also 
valid for the catalytic dehydrations; at the very least, this is doubtful °°. 


(4) Rearrangements in the terpene and camphor series 


For the esters of the strong acids, including the hydrogen halide acids. 
MEERWEIN *? has now been able to show, on the basis of anumber of examples 
from the camphor series, that they can undergo several kinds of isomeriza- 
tions; in which, while these reactions in the end lead to a splitting out of 
water, the isomerizations precede the thermal decompositions. The direction 
in which the splitting out of water leads depends on the ratio of the velocities 
of isomerization and the thermal decomposition of the individual isomeric 
esters. In those cases in which the velocity of isomerization of the esters 
is great, the esters behave in the transformation like typically tautomeric 
compounds, just as do the butyl bromides already mentioned. 

Most thoroughly investigated are the three isomers: bornyl chloride, 
isobornyl chloride, and camphene hydrochloride. The first two are both 
diastereomeric secondary chlorides of the pinacolin type; the last is a 


51 In the same way, the so-called semi-pinacolin rearrangements should be classified 
here: A. OREKHOFF, Bull. Soc. Chim. France [4], 25 (1919) 108; J. Lévy, Bull. Soc. 
Chim. France [4], 29 (1921) 865; A. OREKHOFF and M. TIFFENEAU, Bull. Soc. Chim. 
France [4], 31 (1922) 253; Compt, Rend., 182 (1926) 67; M. TirFENEAU and M, PoRCHER, 
Bull. Soc. Chim. France [4], 31 (1922) 324; M. TIFFENEAU and J. Livy, Compt. Rend., 
183 (1926) 1112; 186 (1928) 84; J. Lrvy and P. WEILL, Compt. Rend., 185 (1927) 135. 
Furthermore B. TcHousaR, Compt. Rend., 212 (1941) 195. For the configurational 
relationships in the case of the semi-pinacolin rearrangements see F. C. WHITMORE and 
H. I. Bernstein, J. Am. Chem. Soc., 61 (1909) 1324. It is probable that the rearrange- 
ments occasionally observed in GRIGNARD reactions are also related to these; M. Gop- 
cnuot and G. Cavouir, Compt. Rend., 186 (1928) 375, 955; G. Vavon, Compt. Rend., 
186 (1928) 702. 

52 P. Lipp, Ann., 480 (1930) 300. 

53 FH. MEERWEIN, Ann., 453 (1927) 16. 
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tertiary chloride with a different carbon framework. The analogy of their 
rearrangements with the retropinacolin rearrangement was first recognized 
by G. WAGNER *4; the corresponding isomerizations will therefore in what 
follows also be designated as WAGNER’s Rearrangements. 


? 


H,C 

H,C 

H Cl HC 
as cr | STIG! 


H, 


H,C—C 


CH, CH, 
Bornyl chloride —iso-Bornyl chloride | Camphene-hydrochloride. 


That the assignment of the spatial formulas as here chosen is correct 
for bornyl chloride and zsobornyl chloride is today as good as certain *” °°, 
On the other hand, the older assignment made by Bredt *’ is not correct, 
and, also differing from formerly, bornyl chloride must be designated as 
the ‘“‘endo’’-, and zsobornyl chloride as the ‘“‘exo’’-form *8. For the following 
considerations in any case, the choice of formulation is of no importance. 
Camphene-hydrochloride ought also be able to appear in two diastereo- 
isomeric forms, but only one form is known; the preparation of the isomeric 
methylcamphenilyl chloride has not yet been achieved. 

Corresponding to the three halides are the three alcohols: borneol, 7so- 
borneol, and camphene hydrate. In this case the methyl-camphenilol 
isomeric with camphene hydrate is known, and differs from the latter by 
its greater stability with respect to dehydrating agents. The pinacolin 
corresponding to both of these secondary pinacolin-alcohols, i.e. the ketone 
with the quaternary carbon atom adjacent to a keto-group, is camphor. 
All of these substances can also exist in the form of their optical antipodes. 

Most stable and resistant to reaction of all these is bornyl chloride. For 


54 G. WaGner, J. Russ. Phys. Chem. Soc., 31 (1899) 680. 

© Without committing logical violence, the work of ASAHINA can be interpreted in 
no other way than that the borneol is the endo form, the isoborneol the exo-form; the 
Same must be true of the chlorides. The proof for the configuration was carried out 
by Y. Asanina, B. IsuipaTe, and T. Sano, and seems to be free of all objections: Bey., 
69 (1936) 343; compare also [bid., 68 (1935) 555, where the proof had not yet been final; 
also P. Lipp, Ber., 68 (1935) 1020. 

°° A completely independent proof has been given by N. J. Tortvonen, Lecture 
before the Nordic Chemists Convention in Lund, Sweden, 1947; also Acta Chem. Scand., 
3 (1949) 991. The remarks of H. Bopr (Ber., 70 (1937) 1178) contribute nothing 
decisive to the problem of configuration. 

57 J. Brept, Wiillner Festschrift, p. 120 Leipzig (1905). 

58 G. Vavon, Bull. Soc. Chim. France [4], 39 (1926) 925; W. HtckeEt, Ann., 477 
(1930) 157; on the other hand see also P. Lipp, Ann., 480 (1930) 208. 
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the isomerization reactions therefore, tsobornyl chloride above all, and 
camphene hydrochloride, must be considered first. 


isoBornyl chloride *® reacts with silver acetate in a normal reaction to 
give zsobornyl acetate: 


AN aN 
el AsGOCCH. «sek y -00C.cH. + A8Cl™ 
i Pe : Be : 
isoBornyl chloride isoBornyl] acetate. 


With aqueous sodium hydroxide it undergoes rearrangement to form 
camphene-hydrate: 


he vahigg® ages 

=| op -1)) atul4 laentical with CH, | + NaCl 
—Cl+ NaOH —— < 2 | 

/ Ho” Ho>N | 
isoBorny] chloride Camphene-hydrate. 


Camphene hydrochloride undergoes normal hydrolysis with water to yield 
camphene hydrate: 


rat ie “~~ 
Poe eas 8) gly Bes 
Beer. + H.0 = | CH.) +4 Hcl 
i og HO eet 


Camphanyl hydrochloride Camphene hydrate. 


With methyl alcohol, on the other hand, it undergoes rearrangement to 
form zsobornyl methyl ether: 


2 ie 
eae Hs < ~ 
| CH, +CH,O0H —> | CH, | identical with | ¥ ets: 
ce pat aH ¢ wal Hi 
C—OCH, 
| 
H 


A characteristic difference between isobornyl chloride and camphene 
hydrochloride is found in the velocity of the hydrogen chloride elimination 


5° Bornyl iodide reacts with silver acetate, among other substances, involving a 
deep-seated rearrangement, to give «-terpinyl acetate, G. WAGNER and W. BRYCKNER, 
Ber., 32 (1899) 2314. a 

9 In these and the following formules the carbon skeleton is often only indicated ; 
the dash-lines emanating from the “‘bridge’’ and the ring represent CH,-groups. 
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reaction. The tertiary camphene hydrochloride rapidly enters into an 
equilibrium with its products of dissociation, camphene and hydrogen 
chloride: 
aes ie 
ALC) CH, bo “| CH,| + HCl. 
ce‘ ee LP Vols at f.5 


The establishment of this equilibrium occurs so rapidly that camphene- 
hydrochloride can be titrated as an acid by means of alcoholic alkali at 
ordinary room-temperatures. Under the same conditions zsobornyl chloride 
is scarcely attacked; it is therefore possible by means of this reaction, which 
takes place much more rapidly than does the isomerization, to determine 
both isomers side by side. This is the same principle as that on which is 
based the titration of the enol form alongside of the keto-form. 

By means of this method ® it is then possible to follow the time-course 
of the transformation-rearrangement of camphene hydrochloride into 7so- 
bornyl chloride, and to determine the position of the equilibrium finally 
established. The time-law is, under certain definite circumstances (See pp. 421— 
422), that for a monomolecular reaction ®. As a result important and signifi- 
cant information is obtained as to the course of the reaction. In case the 
isomerization were to be conceived of as a sequence of reactions taking place 
step by step, then the slowest reaction, which always determines the tempo 


®t Practically the procedure is as follows: The mixture of iso-bornyl chloride and 
camphene hydrochloride to be studied is dissolved in methyl alcohol and treated at 
room-temperature for one hour with an excess of ¥/; sodium ethylate solution ; under 
these conditions the camphene hydrochloride is decomposed completely. The excess 
of sodium ethylate is then back-titrated with alcoholic hydrochloric acid. The iso- 
bornyl chloride is decomposed by boiling for one hour with aqueous-alcoholic sodium 
hydroxide, and the excess of the latter also back-titrated. 

°8 According to P. D. BarTLETT and I. PoécKEL, J. Am. Chem, Soc., 60 (1938) 1585, 
the reaction is of the second order with respect to the camphene hydrochloride in most 
solvents, but of one and one-half order in a few others. It was also found that HCl acts 


as a positive catalyst, ether as an anti-, or negative catalyst, in that it binds HCl as 
diethyl-hydroxonium-chloride, 


C,H,—O—C,H, + HCl = | C,H,—-O—C,H, | G1. 


| H ) 


(See discussion thereon on P. 419, Footnote 66). In nitrobenzene, using phenol as a 
catalyst, however, the reaction is said to be of the first order,—P. D. BartTLETT and 
AR Be GILL Jr., J. Am. Chem. Soc., 63 (1941) 1273. Even though not everything in this 
connection has as yet been clarified, there will nevertheless (probably) be nothing to 
change so far as the assumption of a positive ion as an intermediate step (See pp. 420- 
430) 1s concerned. 
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or time-course of the whole process ®*, would have to be a monomolecular 
one. Since, however, the monomolecular fission of hydrogen chloride from 
the camphene hydrochloride takes place much more rapidly than does the 
isomerization, it cannot be the velocity-determining process, but rather this 
velocity must be governed by some other reaction. The assumption that 
hydrogen chloride can add on to camphene in two different ways, rapidly 
by a normal reaction to form camphene hydrochloride, and slowly by an 
anomalous reaction to form isobornyl chlorides, in accordance with the 
reaction sequence: 








nS ae 
aA rete dap An 
ee aa = | cH,| +Hclz@ | — | 
ce™N | UES ee ee Cl 
y Meee ma Meiegn 
: rapid slow 
Camphene hydrochloride ———_” Camphene + HCl ~——™ Jso-Bornyl] chloride 
normal abnormal 
reaction reaction 


must be excluded. For in this case the anomalous addition of hydrogen 
chloride to the camphene would be the rearrangement-velocity-determining 
process ; this latter is however a bimolecular process. One might also consider 
some slow isomerization of the camphene as a velocity-determining step 
in} the reaction-sequence : 

rapidly 


—HCl slowly 
=, Camphene: == 





Camphene hydrochloride 





<——-—————— 
+ HCl 


rapidly 
+HCl 

Isomerized Camphene 7——-— isoBorny]l chloride. 
—HCl 





This can not however be considered further as it is excluded by the fact 
that in this case this same isomeric camphene would have to be considered 
and found also as the first step in the reaction when starting from zsobornyl 
chloride, just as is camphene itself when starting from the side of camphene- 
hydrochloride. Furthermore, under the experimental conditions used, 
camphene is quite stable. Camphene is therefore not an intermediate pro- 
duct in the isomerization reaction, and in the transformation rearrangement, 
Camphene hydrochloride = isoBornyl chloride, there is just as true an 


63 See This Text, Chapter X, pp. 709-710 etc. for further details. 
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intramolecular atomic migration as in the isomerization of zsobutyl bromide 
to tertiary butyl bromide *. 

Research however does not call a halt before the fact of an intramolecular 
atomic migration which can not be expressed by formulas other than by 
placing the structural formulas of the two isomers in mutual dynamic equi- 
librium side by side. As a result of the investigations on the relationships 
between velocity of isomerization and the various experimental conditions, 
further information is obtained as to the fate suffered by the molecule as 
a result of these atomic shifts. 

Striking is the dependence of the reaction velocity on the solvent. 
By and large the velocities of isomerization run parallel with the dielectric 
constants of the solvents; thus, for example, these velocities are large in 
cresol and in nitrobenzene, small in benzene and in petroleum ether. It is, 
however, exceedingly small also in ether, which has a higher dielectric 
constant, than does benzene; this exceptional position of ether cannot as 


64 The formation of isoborny] chloride from camphene by way of camphene hydro- 
chloride corresponds completely to the probably longest-known retropinacolin rear- 
rangement, i.e. the formation of bornyl chloride from pinene by way of pinene hydro- 
chloride : 





H H H 
C e Cc 
H,C CH, H,C CH, HG CH, 
(CH,)x¢ | > (CHC > (CH) 
| | | 
H,C PENH H,C ASCH H,C Oris 
4 ee ee me ante 
oe X\c~ pee 
oes. 
CH, CLenh, CH, 


See H. MEERWEIN, Ber., 53 (1920) 1825; 55 (1922) 2525 * compare also O. ASCHAN, 
Chem. Zentralblatt 1921, III, 629; Finsk. Vet. Akad., 57 A, No.1; H. MEERWEIN and 
J. Vorster, J. prakt. Chem. [2], 147 (1936) 83. Under somewhat different experimental 
conditions derivatives of fenchol may be formed at the same time: in this retropinacolin- 
rearrangement another bond of the four-membered ring is broken. See M. DELEPINE, 
J. Reisman and E. Suau, Bull. Soc. Chim. France [4], 47 (1930) 966. Compare also 
F. W. SEMMLER, Die dtherischen Ole (The Essential Oils), Vol.3, pp. 541—542, Leipzig 
(1906). The fact that the crude bornyl chloride obtained from pinene + HCl contains 
fenchyl chloride, especially in the liquid fractions, has been established by several 
authors: PH. BARBIER and V. GRIGNARD, Bull. Soc. Chim. France [4], 7 (1910) 342; 
M. DELEPINE, Bull..Soc. Chim. France [4], 35 (1924) 1330, 1463; O. AscHan, Ann., 
387 (1912) 29. For the addition of organic acids to pinene, the relationships in the 
formation of borny]l, isobornyl, and fenchy]l esters, as well as of limonene, as a function 
of the experimental conditions, see: M. S. KHaRAscH and W. B. REYNoLDs, J. Org. 
Chem., 9 (1944) 148. In the presence of phenol the yield of bornyl ester is high; in 
the presence of amines, limonene almost alone is found. 
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yet be explained ®°. (Compare on this matter also This Text, Vol. II, Book 
IV, Chapter XIX). 

The position of the equilibrium, which is reached from both opposite 
sides at often very greatly different rates, is not very different in the various 
solvents used, and also not very different from its position in the melt of 
the pure compound, hence not very characteristic. 7soBornyl chloride 
is always present in far greater amounts; the equilibrium concentration 
of the camphene hydrochloride increases with rising temperatures, whence 
the rearrangement of zsobornyl chloride into camphene hydrochloride 
is an endothermic reaction. The slight influence of the solvent on the 
equilibrium constant need not surprise us in view of the discussions of 
Van ’T Horr and DIMROTH already mentioned (p. 307) on the equilibria 
between keto- and enolforms. For the equilibrium of the isomers depends 
on the ratios of their solubilities in the various solvents. These ratios are, 
in compounds of such chemical similarity as are two isomeric halides, always 
nearly the same, and approximately unity, while in the case of the isomeric 
keto- and enolforms two entirely different reactive groups such as carbonyl 
and hydroxyl produce quite considerable differences in the solubility 
relationships when different solvents are used. 

On the other hand, the catalytic influences on the velocity of isomerization 
again give important clues as to the course of isomerization. As catalysts 
may be used tin tetrachloride, antimony pentachloride, and other substances 
which, as is known already from inorganic chemistry, can combine with 
chloride ion to form complex ions, SnCl,”, SbCI,’, etc. °°. 

The increase of the dielectric constant of a solvent, or rather, the replace- 
ment of one solvent by another with a higher dielectric constant, as well as 
the conversion of an element from a simple ion into a complex ion, are 
however factors which are known to favor the ionization of a dissolved 
substance. For this reason MEERWEIN assumes that it is the ions derived 


65 Perhaps the ether by means of one of the single unshared electron pairs on its 
oxygen adds on to the positive ion (p. 421) with the sextet on the carbon to form 
a rather stable bond: 


R, CH, 
RN .- oe o* 
Mose OG. a ta, Os OOOH, 


2 
ia 7 

66 Aluminium bromide acts in quite corresponding manner in the rearrangement of 
propyl into isopropyl bromide (See p. 261 and p. 402). (A. KEKULE and H.SCHROTTER, 
Ber., 12 (1879) 2279. For more recent work on the migration of halogen under the 
influence of aluminium chloride see: C. D. NeEnitzEscu and Coworkers, Ann., 519 
(1935) 260; Ber., 69 (1936) 2706; 70 (1937) 1883. Compare also the FRIEDEL-CRAFTS. 
synthesis, This Text, p. 750. 
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from camphene hydrochloride and isoborny] chloride, and not the chlorides 
themselves as expressed by the formulas, that suffer the intramolecular 
atomic migration. That a halogen atom attached to a carbon atom could 
also be split off as an ion in suitable solvents was first shown by WALDEN * 
in his work on the solutions of tertiary butyl iodide and triphenylchloro- 
methane in liquid sulfur dioxide. (For further examples see This Text, 
Vol. II, Book IV, Chapter XIX). Unfortunately it is impossible, because of 
the great tendency of camphene hydrochloride to dissociate into camphene 
and hydrogen chloride, to carry out a useful measurement of the conduc- 
tivity of this presumably highly ionized substance. 

Exactly the same phenomena of tautomerism and of rearrangement, as 
well as the same influences on the reaction velocities of the separate pro- 
cesses or stages, are found in the case of the esters of those acids whose acid 
radicals exhibit a strong tendency to occur as independent ions, 7.e. the 
esters of hydrobromic acid, sulfuric acid, the sulfonic acids, and of hydrated 
zine chloride in its acid form, 

me Sky 
[H,O]) Zn ; 
fay ET 


The only difference is that in the case of the more thoroughly investigated 
chlorocymene sulfonic acid ester, the equilibrium is completely on the side 
of the zsobornyl ester, which can however, like the chloride, react tauto- 
merically. Thus, for example, it reacts with methyl alcohol and potassium 
carbonate to yield a mixture of zsobornyl methyl ether and camphene 
hydrate methyl ether. The esters of weak organic acids undergo rearrange- 
ment only in the presence of a catalyst ®. 

It is therefore possible to express still another intermediate step of the 
rearrangement by formulas, namely the zon with the coordinatively trivalent, 
positively charged carbon atom which possesses one electron sextet: 


H -H 
ia ee H i as 
aoe | , 

Hy | => THICCSCR: 
Hse haven ae cu 


Hs 


or, quite generally expressed in the notation of the electron theory ®; 


6? P. WALDEN, Ber., 35 (1902) 2029. 
6° H. MEERWEIN, Ann., 453 (1927) 16. 
6° F.C. Wuitmore, J. Am. Chem. Soc., 54 (1932) 3277. 
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R, R, R;” R,’ 
me OTC SS R,:C+:Cl: << R,’:C+:Cl ora Ry’: C: Cl 
R, help  eaeahants H 
where R, — R,’; R,5= R,’. 


In these structures the positively charged (i.e. minus one of its electrons) 
carbon atom, no longer surrounded and bonded by four substituents, pro- 
duces an otherwise unknown type of instability of the carbon skeleton which 
can not be given expression in these formulas. Furthermore, this instability 
is not understood from a theoretical point of view, and must be accepted 
as a fact of experience 7°. 

All processes that lead to such an ionization, and all circumstances that 
facilitate it, will therefore weaken the stability of a carbon skeleton, and 
may produce rearrangements that affect either the carbon skeleton or may 
only involve a migration of the halogen atom. The influence of aluminium 
chloride to produce rearrangements is to be understood on this basis (See 
also p. 764): 

Retort Se ayMcl, Set RE AICI 
By the same token, the rearrangements accompanying the decompositions 
of the amines by means of nitrous acid are also classified under this heading 
(See p. 459). 

From the work of MEERWEIN it may be regarded as established that an 
ionization step is involved in the course of the rearrangement-reaction. 
Nevertheless, the manner in which the ionization is brought about cannot 
be looked upon as clarified. More recent observations by BARTLETT 71 show 
that the reaction proceeds according to the first order only under certain 
particular experimental conditions. In most solvents one finds that, with 
respect to the camphene hydrochloride, the reaction is approximately second 
order, in some it is of 3/2 order. Furthermore, hydrogen chloride is found to 
act rather strongly catalytically on the time-course of the reaction, but, 
due to the instability of the camphene hydrochloride, its presence can 
scarcely be altogether avoided. The presence of ether reduces the catalytic 

70 “Interpretation in terms of ionization does not give us a complete explanation. 
The problem is merely shifted from the molecule to the cation”’, P. Lipp, Ber., 65 (1932) 
242. According to Tu. P. NEVELL, E, pE SALas and Cu. L. WILson, who studied the 
exchange of radioactive chlorine and of deuterium in the rearrangement in chloroform 
solution, the exchange of chlorine as an ion takes place more rapidly than does 
ionization; this means that not every cation formed with an electron sextet 1s 


immediately subjected to rearrangement. The reaction which leads to isoborny] chloride 
is said to be a bimolecular reaction of the cation with hydrogen chloride. J. Chem. 


Soc. (1939) 1188. 
7% P, 1, Fastanibce and I. PécKEL, J. Am. Chem. Soc., 60 (1938) 1585. In nitrobenzene, 


with ph2nol as a catalyst, the reaction is first order; see P. D. BARTLETT and J. D. GILL, 
J. Am. Chem. Soc., 63 (1941) 1273. 
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effect of HCl, perhaps because the latter is thereby bound as diethyl- — 
hydroxonium chloride, [(C,H;),OH]Cl. (For another possibility see This Text, 
p. 419 footnote 65.) While the reaction is found to appear to be first order, it is 
certain nevertheless that we are dealing not with a true monomolecular ioniza- 
tion with a spontaneous dissociation into ions 72, but with a pseudomono- 
molecular ionization involving also the action of the solvent (See This Text, 
p. 736). If then hydrogen chloride is present in the solution, this could by 
collision with a camphene hydrochloride molecule cause the latter to ionize, 
just as could a collision with a molecule of the solvent. If now the number of 
collisions of the hydrogen chloride molecules with the camphene hydro- 
chloride molecules is decisive for the rate of the reaction, and if further- 
more the amount (concentration) of hydrogen chloride is always equal 
to that of the camphene formed simultaneously with it, then the dis- 
appearance of camphene hydrochloride will obey a 3/2 order law, without 
the appearance in the kinetics of the process of the ionization as such: 


CioHy,Cl ~ > CyoHy, + HCl 





(CyH,,Cl] foes OP tf 
A. =.) constant: = 2 ee ater 3 
[C of y6] * [HCI] (HCI)? 











If now the ionization is brought about by a bimolecular collision reaction 
of Cj9H,,Cl and HCl, then the former will disappear at a rate given by the 
equation, 


d[CyoH,C1) 
dt 





=k (CyoH,,Cl] *{HC]). 


Since we may write, 


) eee 
jf Need aT 2 = {HCl 
y (Sat — or, 
we obtain 
d(C, )H,,Cl] Ai | Dla. 
era nye = VIC oHiCh*: Vz, 


1.e. k is proportional to [C,)H,,Cl}"". 

While we shall not here go further into the details of the derivation, it 
follows that a second order reaction, i.e. a proportionality to [ CioH,,Cl]?, 
is obtained when part of the HCl formed by dissociation of Cte into 
C19Hig-+HCl escapes, leaving an excess of camphene, of which the concen- 

7% This was; moreover, never the point of view of MEERWEIN, who has here, as in so 


many other cases C. K, INBoLp also, been misunderstood. See also This Text Pp. 720 
footnote 15, ia 
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tration can then be regarded as constant during the course of the reaction. 
In this case, the bimolecular reaction, 


GeHecleHCl = °C;,Hi.* + [Cr(HCl)); 


where the term Cl’(HCl)] is used to symbolize the effect of the hydrogen 
chloride molecule in pulling a chloride ion away from the camphene hydro- 
chloride to form some kind of complex ion, becomes the velocity-deter- 
mining one. 

Besides the two factors already considered,—the influence of the solvent 
and the nature of the acid radical (For the effect of the catalysts consists 
in a change of the acid radical) on the ionization and hence on the isomeriza- 
tion of the esters,—the structure of the carbon skeleton has also been found 
to be an especially important constitutive factor. 

In this connection, beside the difference in structure, the significance of 
which becomes evident in the difference in behavior of the esters of a tertiary 
and of a secondary alcohol, the spatial arrangement of the atoms is also 
of decisive influence for the degree of ionization. Thus bornyl chloride, the 
stereoisomer of isobornyl chloride, shows only a slight tendency to dissociate 
into its ions. Nevertheless, a dissociation-equilibrium, 


CypHyzCl = CyHy, + CY, 


is established, even though only very slowly. This is evident from the fact that 
isoborny] chloride and borny]1 chloride also undergo rearrangement one into 
the other, and that the velocity of this reaction is increased under the same 
conditions as affect in the same way the rearrangement of camphene hydro- 
chloride into isobornyl chloride. The equilibrium between bornyl and 7so- 
bornyl chloride is established so slowly, however, even in the presence of 
catalysts, that it could be disregarded in the experiments on the former 
equilibrium. In reality then, a melt of any of these substances consists 
eventually of an equilibrium mixture of all three chlorides, which is of 
course naturally far to the side of the most slowly rearranging and least 
frequently ionizing bornyl chloride. The fourth theoretically conceivable 
isomer, methyl-camphenilyl chloride, has not, so far, as already mentioned, 
been isolated or observed. 

The isomerization processes here pictured do not as yet exhaust the pos- 
sible rearrangements of the halides. The first indication ofa further possibility 
of ionization is given by the racemization of the optically active isobornyl 
chloride in especially strongly ionizing solvents, such as cresol, or under the 
snfluence of stannic chloride, while it fails to take place in ether solution. Hence 
the same influences which determine an isomerization also determine the 
vacemization of isoborny] chloride. In agreement herewith are the observations 
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already made earlier on the optical activity of the camphene obtained from 
isoborneol: Optically active zsobornyl chloride (or bornyl chloride as well), 
when treated with alkalis to split out hydrogen chloride, yields an optically 
active camphene 7*; on treatment with glacial acetic acid and formic acid, 
the latter again yields an optically active zsobornyl acetate “4. In the 
presence of catalysts, or with the use of sulfuric acid or zinc chloride as 
dehydrating agents, active zsoborneol always yields optically inactive 
camphene, while when active camphene is treated with glacial acetic acid- 
sulfuric acid mixture, the product is, according to BERTRAM and WALBAUM, 
inactive zsobornyl acetate ”°. 

The process of racemization may take place either on the zsobornyl 
chloride molecule or on the zsoborny] ion, or on the camphene-hydrochloride 
molecule or the camphanyl-ion. isoBornyl chloride and camphene hydro- 
chloride each contain three asymmetric carbon atoms, of which only two 
are affected by the mutual rearrangement-reaction. For complete racemi- 
zation a regrouping on all three (asymmetric carbon) atoms would be neces- 
sary. One could therefore assume that such a rearrangement does take place 
within the ions the carbon skeleton of which exhibits different stability 
relationships than does that of a non-ionizing carbon compound, in which 
no corresponding phenomenon has yet been observed 76, In that case we 
would however be face to face with the remarkable fact that this change 
in the stability of the steric arrangement on the different individual carbon 
atoms within the ion was accelerated or retarded by the same influences 
as determine the velocity of ionization. It is therefore a priort more probable 
that regroupings take place within the ions, and lead to the mirror images 
of the original compounds. Such regroupings are quite conceivable, both 
in the case of camphene-hydrochloride and in the case of zsobornyl chloride. 

In the case of camphene hydrochloride an exchange of place between 
chlorine and the methyl in the cis-position of the neighboring gem?77-di- 
methyl group leads to a mirror image, or enantiomorph, while an exchange 
with the methyl in the tvans-position would lead instead to an antipode 
of methyl camphenilyl chloride (See pp. 414, 423). This latter reaction is 
known as the NAMETKIN rearrangement 78, 


*8 O. AscHAN, Ann., 383 (191) 9. 

“4 Laront, Ann. Chim. Phys. [6], 15 (1888) 151, 172. 

75 J. BERTRAM and H, WacpauM, J. prakt. Chem. [2], 49 (1894) 6. 

76 H. MEERWEIN, Ann., 435 (1924) 214. 

ie From “gemini’’, Latin for “twins”. 

8 J. HouBEN and E. PFANKUCH, Ann., 489 (1931) 196; J. Brepr, J. prakt Chem. 
[2], 131 (1931) 142, 144. Compare also S. NAMETKIN and L. Brtssorr, Ann., 459 (1927) 
158, who first pointed out this exchange of position but failed to recognize its signi- 
ficance in connection with Tacemization. _ 
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This NAMETKIN rearrangement of a tertiary chloride corresponds fully 
to the WAGNER retropinacolin rearrangement of secondary chlorides of the 


pinacolin type. 
In the case of isobornyl chloride the enantiomorph could be formed by 


a shift of the halogen across to the second carbon atom instead of to the 
adjacent atom as usually observed; it would also be necessary that a hy- 
drogen atom migrate within the ion ”: 


) | as an inter- : 
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79 FH. MEERWEIN, Amn., 435 (1924) 313- 
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This second assumption is of course supported by no experiments what- 
ever; on the other hand the significance of the NAMETKIN rearrangement for 
racemization has been proved experimentally. 

Finally, it is also possible that both racemization processes proceed side 
by side at different speeds. 

Whether such rearrangements, as have been assumed for the purpose of 
explaining racemization, are at all possible may be learned from the reac- 
tions of corresponding compounds the molecules of which are built less 
symmetrically, so that their isomerizations lead not to mirror-image 
enantiomorphs but rather to structural isomers °°. The relationships are 
most simple in the case of the camphene hydrochlorides derived from a 
camphene with a substituent X on the bridgehead. From the observations 
made on such compounds it follows that at least the course of reaction 
here assumed for the racemization of camphene-hydrochloride *! and of 
related compounds * has a number of analogies, so that NAMETKIN rearrange- 
ments of the tertiary halides do as a matter of fact take place. Since 
furthermore these tertiary halides can also undergo the WAGNER rearrange- 
ment, whereby they frequently evade direct observation, in case they 
are too labile, we have the following general scheme for the formation 
of such camphene derivatives and of their rearrangements, where Cl has 
been used to represent the migrating acid radical. These rearrangements 
of course also take place when the BERTRAM-WALBAUM (See p. 423) method 
using a mixture of glacial acetic acid and sulfuric acid is applied: 


_ °° S, NAMETKIN has studied this type of rearrangement leading to structural isomers 
in the case of 4-methyl-isoborneol. The structural isomers formed are a«-methyl- 
camphene and #-methyl-camphene. 


aM“ ae 
“ |. S=CH, (a) a = CH, (8) 
CH, - and CH, 
4 i A 
TS let Pa ey ra 


if 


Recon version of these camphenes leads back to 4-methyl-isoborneol. NAMETKIN also 
carried out the same reactions on the corresponding propyl derivatives; Chem. J., 
U.S.S.R., Series A, J. Gen. Chem., 4 (66) (1934) 847; Chem. Zentralblatt 1936, I, 559. 
For further work on the NAMETKIN rearrangement and the inactivation of w-substituted 
camphenes see J. J. Rirrer and G. VLAsEs, Jr., J. Am. Chem. Soc., 64 (1942) 583. 

1 J. Housen and E. Prankucu, Ann., 489 (1931) 196; J. BREDT, J. prakt. Chem., 
131 (1931) 145. 

2 J. BRept, J. prakt. Chem., 131 (1931) 141. 


t HALOGEN COMPOUNDS AND ESTERS OF STRONG ACIDS 427 


“Ai 


tee alas 
pe i S * aN, ge as See ns, 
fit» Lae ee ie inte 5 —HCl 9-7 5 
6 2_-Cl such as ‘6 nore Ww |, 304g) ——> 3CH 
PH Se a as — Cl ~ = | 6 mm H al I | 26 
poe DOM ee Se SH ee Sal 
i i 1 a 
d | | 
-Camphor type b “7 
8 
Zs 
g Aaa iabitlen dus ap atic Catia) 
| 2 7 =! > 2 
: wrot5 | > OT CH, aaa ery 
: eee ee ih lige Me So Pot ys 
E x x 
= aay 04 é‘ 
‘placed on its head”’ 
| ee rotated through 180° ” 
x 
IN gi at 
ees, corresponds ST ee: 
mee] > Se aligy Peay aa eka 
8 8 


/-Camphor type 


The symbols used above signify: 


oer a. = Rearrangements ——> = Normal Reactions 
W = WAGNER type. N = NAMETKIN type. 


The rearrangements as sketched schematically here have actually been 
carried out on the following camphor derivatives: 

X = CH, * (NAMETKIN). Preparation of tertiary-2-methyl-isoborneol 
from camphor and CH,I by the GRIGNARD reaction 84. Tsomerization usually 
carried out by elimination of water (dehydration) by means of potassium 
bisulfate, and rehydration with glacial-acetic acid-sulfuric acid mixture. 
The esters of the tertiary alcohols were not isolated. 


83 Reviews and summaries, as well as structure proofs: S. NAMETKIN, Ann., 432 
(1923) 207; S. NAMETKIN and L. BRUssoFF, Ann., 459 (1927) 144. Other most im por- 
tant papers: J. Brept and M. SAVELSBERG, J. prakt. Chem. [2], 98 (1918) 96; L. 
Ruzicka, Helv. Chim. Acta, 1 (1918) 110; S. NAMETKIN and M. SCHLESINGER, J. Russ. 
Phys. Chem. Soc., 51 (1919) 144; S. NAMETKIN and L. BrissorF, Ber., 57 (1924) 1258; 
M. BrEepT-SAVELSBERG and J. BucHKREMER, Ber., 64 (1931) 600. The «-methyl-cam- 
phene corresponding in its carbon skeleton to fenchone is obtained by normal dehy- 
dration of teyt-methyl-fenchol: S. NAMETKIN and A.CHUCHRIKOVA, (KHUKHRIKOWA), 
J. Russ. Phys. Chem, Soc., 50 (1918) 254; compare also N. D. Ze.insky and J. ZELIKow, 
Ber., 34 (1901) 3250; O. WALLACH and H. WIENHAUS, Ann., 353 (1907) 221. 

84 N. D. Zevinsky, Ber., 34 (1901) 2883; O. Wa.tacu and H. WIENHAUS, Anm., 


353 (1907) 224. 
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X = C185 (MEERWEIN). Preparation of 2,2’-dichlorocamphane (labile 
a-camphor-dichloride) from camphor by use of pure ** PCI,. All products 
of isomerization as well as the products obtained from them by elimination 
of HCl (a- and @-chloro-camphene) were isolated. 


X = CONH, *? (HouBEN). Obtained by the sequence of reactions: 
Care, : KCN th / pHGl 
Camphor —> pernitrosocamphor ——> camphene carboxylic acid amide —— 


hydrochloride be amide. Prepared from camphene-carboxylic acid, in 
turn prepared from camphor via pernitroso-camphor with KCN. Addition 
and then again splitting out of HCl. The tertiary halides were not isolated. 

In accordance with the course of the reactions as here assumed, it must 
be possible, at least in principle, to convert d-camphor into -camphor. 
For this it would be necessary first of all to introduce a substituent X into 
the 2-position, carry out the rearrangement, after which, by the usual 
system of notation, X will be in the 4-position of the to be renumbered 
camphane ring-system, and then to remove this substituent X. And as a 
matter of fact, HoUBEN and PFANKucH *§ did actually succeed with the 
help of the camphor dichlorides in carrying out this transformation. After 
oxidation of the CHCl-group in the stable $-camphor dichloride (2,4- 
dichloro-camphane) to the carbonyl group, the tertiary-bound chlorine on 
the bridge-head could, by means of reducing agents, be replaced by hydrogen. 
The resulting camphor is strongly laevo-rotatory, though the numerical 
magnitude of the rotation is not quite so great as that of the a#-camphor 
used as a starting material for the preparation of the 8-camphor-dichloride, 
By a somewhat different route it has been found possible to avoid this 
partial racemization and to convert d-camphor quantitatively into 
l-camphor **. Although the results of this experiment may be regarded as 
a strong support for the theory that the rearrangements take place predomi- 

8° H. MEERWEIN, Ann., 435 (1924) 191. This «-camphor-dichloride corresponds in 
its structure to pinacolin-dichloride, (CH );C—CCl,—CHsg, while the ditertiary chloride 
obtained from it by the WAGNER scheme corresponds to pinacone-dichloride, (CH;).> 
CCI—CCI(CH;),. The unquestionable proof of the structures of the carbon skeletons 
of the individual chlorides was carried out by MEERWEIN by reduction to the hydro- 
carbons. The position of the chlorine atoms in the stable 6-camphor dichloride (J. Breprt, 
Ann., 314 (1900) 386), which MEERWEIN held to be a 2,6-dichloro-camphane, has been 


as well as proved by J. HouBEN and E. Pranxucn, Ann., 489 (1931) 204. If, neglecting 
its mode of formation, we number the carbon atoms of the camphane skeleton as 
usual, it is a 2,4-dichloro-camphane. 

°° H. MEERWEIN, Ann., 435 (1924) 192, 201; see there for further literature. 

7 J. Housen and E. Pranxucn, Ann., 483 (1930) 271; 489 (1931) 193. 

8 J. Housen and E. Pranxucu, Ber., 64 (1931) 2719. Another method for convert- 
ing d- into l-camphor is described by Y. Asaurna, M. Isurpare, and T. MomosgE, Ber., 
67 (1934) 143. 

*° J. Houspen and E. Prankucu, Ann., 507 (1933 


) 37; see in this connection also 
Ibid, 501 (1933) 235. 
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nantly by the course assumed above, the partial racemization taking place 
“under certain circumstances does nevertheless indicate that other migrations 
of the chlorine atom do also take place. Whether such migrations correspond 
to that from position 2 to 6 as assumed by MEERWEIN, in order to explain 
the isomerization of zsobornyl chloride, must for the time being yet remain 
an open question, in spite of the fact that the step of the reaction in which 
the racemization occurs has been established *°. The observation that the 
2-chloro-camphanic acid amide, 
NH, 
c=o 


6 
\<a 


which is formed from the corresponding camphene derivative by addition 
of hydrogen chloride, is not racemized to iso-bornyl chloride in cresol solu- 
tion *1, makes a migration of the chlorine atom from position 2 to 6 seem 
highly improbable (See pp. 425-426). How tangled the relationships can be in 
the migration of the halogens and of the ionized acid residues is seen in the 
formation of the fenchenes from the two diastereo-isomeric fenchols; the 
formation of no fewer than seven fenchenes has been observed. The relation- 
ships that prevail here will be treated further on below in another connection. 

The isomerizations of the cations of the camphor series investigated in the 
work of MEERWEIN, HouBEN, BREDT, and NAMETKIN can be summarized under 
a single comprehensible scheme as shown by the formulas at the top of p. 430. 

The isomerization within the ion takes place most rapidly as follows:— 
(See formula on page 430 (top)). Alongside of a rearrangement-change of 
the carbon skeleton the positive charge migrates from the secondary to the 
tertiary carbon atom; the group- and charge-exchange from the quaternary 
to the tertiary carbon atom take place more slowly, after which the charge 
again sits on a tertiary carbon atom; most rare is the direct jump of a 
hydrogen atom on the ionized carbon atom,—borny] chloride is always found 
after rearrangement, but always in only very small amounts. On the basis 
of a consideration of models, we might however, just in case of the last, 
especially readily visualized reaction,— since only one hydrogen need shift 
its position,—expect a particularly great reaction velocity. 

The fact established by MEERWEIN,—that the ionization of the esters is 
the cause of the rearrangements observed to accompany the splitting out 





9 J. HousBeNn and E. PFANKUCH, Ann., 507 (1933) 40- ; 
#1 J, HouBeNn and E. PFANKUCH, Ann., 489 (1931) 202. In this article the authors 
erroneously wrote ‘““chloro-camphene”’ instead of ‘“‘chloro-camphane”’. 
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of water,—makes it possible to recognize the experimental conditions under 
which these rearrangements take place as slowly as possible relative to the 
thermal decomposition. It is then necessary to select esters which show a 
slight tendency toward ionization, while at the same time exhibiting a 
sufficiently great velocity of thermal decomposition. The xanthogenic acid 
esters have shown themselves suitable for this purpose; the acids of weak 
organic acids derived from the secondary alcohols are too stable thermally,®. 
Using a method worked out by TscHuGAEFF % one obtains by way of the 


° The designations d- and /- are selected on the basis of the direction of rotation 
of the camphene, which corresponds to the direction of rotation of the camphor from 
which it is prepared. The camphene-hydrate methyl ethers rotate polarized light in 
the opposite sense from that of the camphenes from which they are derived. 

°° H. MEERWEIN, Ann., 453 (1927) 30. 

** L. TscnuGaeErr, Ber., 32 (1899) 3332. 
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following reactions, usually in predominant amounts, those hydrocarbons 
which are formed by the splitting out of water in the normal way: 


CS. C,,H;—O CH,I 
BiG CCNINONe Pas og 
ie" 
Na—S (CHy),SO, 
C,,H,,—_OW thermal 
C=S ————— > C,H + COS CHesi. 
CH,;—S~ decom position Ske ii ; 


Using this method the chief product obtained from borneol is bornylene®: 
ene 
i re 





— 


> 


while fenchol yields chiefly cyclofenchene. In the latter case, of course, 
some unsaturated hydrocarbon, but only «-fenchene, is formed by rearrange- 
ment %. 

From bornyl chloride too, we can get to bornylene *’. By the action of 
to % sodium amylate solution at 230—240° (In the case of bornyl bromide, 
190° is sufficient) almost pure bornylene is obtained. Under these circum- 
stances the velocity of ionization of bornyl chloride, which is followed by the 
formation of a mixture of zsobornyl chloride, camphene, and camphene 
hydrochloride, is small as compared with the velocity of elimination of 
hydrogen chloride. With decreasing alkali-concentration and increasing 
water-content of the alcoholate, increasingly more camphene is formed, which 
must be ascribed to an increase in the degree of ionization. Nevertheless, the 
relationships are by no means so simple as that an ionization of bornyl 
chloride leads to isobornyl chloride, and that camphene is only formed from 
the latter. More thorough investigations on the reaction mechanism of the 
elimination reactions have shown that the carbon-cations which undergo 
rearrangement can, by fission-loss of a proton, yield an unsaturated hydro- 
carbon without passing through any isolable intermediate steps (See Chapter 
X). This manner of the formation of unsaturated hydrocarbons follows quite 
a different chemical mechanism than does the ‘‘true fission reaction” as it is 
effected by alcoholate. In reality then, in alcohol solution, two competing 
concurrent reactions take place, and both lead to unsaturated (but different) 
hydrocarbons. These latter are different in this case because the ion formed 

% L. TscnuGaEFF, J. Russ. Phys. Chem. Soc., 36 (1904) 1043; Chem. Zentralblatt 
1905, 1,94; Ann., 388 (1912) 288; compare also J. BRept and H. SaNDKUHL, Ann., 366 
(1909) 51. The bornylene obtained contains some tricyclene and probably also traces 


of camphene. 
% W. QOvist, Ann., 417 (1918) 278 
*7 HH]. MEERWEIN and J. JoussEN, Ber., 55 (1922) 2531. 
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as an intermediate step in the one reaction then undergoes a rearrangement; 


Bornyl ion —» Camphanyl ion —»> Camphene + H., 


ROH 
—Fonsavio® cr #CV 
Bornyl chloride 
eCRONGe oe NX ‘\ : 
Bornylene Bornyl or Camphene hydrochloride, 
isoBornyl chloride 


We can penetrate still further into the chemism of the rearrangement 
reactions by use of the space-models and the more recent knowledge on the 
course of substitution reactions. It then becomes understandable why cam- 
phene hydrochloride yields only isobornyl chloride but no bornyl chloride, 
and why, furthermore, pinene and hydrogen chloride react via pinene 
hydrochloride to give only bornyl chloride (and some fenchyl chloride), but 
no zsobornyl chloride; why also the WAGNER reaction takes place more 
rapidly than the NAMETKIN reaction leading to racemization. For the 
former can, in the case of camphene hydrochloride and in the absence of 
a solvent, take place as a true intramolecular atom-shift-reaction, and 
without any racemization, without a complete separation of the chlorine 
that dissociates off as an ion from out of the force-field of the molecule. 
Here however, these hints must suffice 9, 

The description of the course of reaction under the assumption of a 
complete separation into cation and anion as independently existing struc- 
tures of an intermediate step may in this case be going too far. In the case 
of the NAMETKIN rearrangement this assumption is necessary because room 
must first be made for the cis-methyl group that migrates along with its 
electron-pair. In the case of the WAGNER rearrangement the complete 
ionization can be written in as an intermediate step, but it need not actually 
occur in every case. This rearrangement may under some circumstances 
also take place with the migrating groups remaining within the field of 
action of the rearranging molecule, as has been sketched out for the case 
of the allyl migration that leads to the formation of o-allyl phenols (See 
p. 400). In the same way, as will be shown later, there are other cases too, 
for which a too far-going break-down of the course of reaction into separate 
steps is not feasible (See e.g. the Hofmann reaction, This Text, p. 471, 
the BECKMANN rearrangement, pp. 479, etc.). 

The chemical mechanism of the elimination reactions that lead to the 
formation of unsaturated hydrocarbon, on which light has been thrown also 


“8 For details see W. HtckEt in, The Rearrangements of Pinene, in Nachrichten Akad 
Wissen. Gottingen, Math. Physikal. Klasse, Jan. 24, 1941; also Chemie 55 (1942) 231; 
also Naturforschung und Medizin in Deutschland, 1939—1946, The American FI 4T 
Review of German Science, Vol. 34, Theoret. Organic Chemistry I, p. 133. 
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by the investigations on the intramolecular reactions taking place simultane- 
ously, will be treated again in Chapter X in connection with the chemical 
mechanism of other reactions. 

. Summarizing, it may be said that the result of the MEERWEIN investiga- 
tions was the determination of the limits of applicability of the principle of 
least possible structural change in chemical reactions, and to emphasize that 
this principle retains its validity for reactions that take place primarily by 
addition and elimination processes. It may happen, however, that intra- 
molecular atomic migration processes are thrust in between these former 
processes. In the case of the esters of strong acids these migrations have 
actually been established. These must be ascribed to an ionization of the ester 
and isomerization of the cations, and may in some circumstances take place 
so rapidly that they give rise to the phenomena of tautomerism. Whether 
these isomerizations of the esters are general for all esters, or whether they 
are limited to such esters as are derived from the type of the pinacolin 
alcohols, and to such rearrangements as correspond to the mutual trans- 
formation of isobutyl bromide into tertiary butyl bromide, will be discussed 
further on below. Limits are set to the possibilities of expression of the 
formulas and the (molecular) models of molecules in any interpretations 
of these isomerizations that attempt to go beyond the purely formal. The 
introduction of electron formulas in place of the valence-dash formulas %° 
changes nothing in this matter; in the final analysis we understand just 
as little of the processes of atomic migration and of their velocities whether 
we follow LIEBEN 1°, using the notation of A. RICHARD 11, and speak ofa 
““chassé-croisé”’ of the groups and prefer for a representation formulas of 
the type discussed above on pp. 406-409, or whether we juggle the electrons 
about from one atom to the other. All of these formulations finally only 
lead to the same modest formulation of the problem, which only experiment, 
and not “theory”, can answer: In which directions does isomerization 
proceed, in an as yet uninvestigated case, and in what ratio do the velocities 
of the various possible reactions stand to one another? For the time being 
we can seek to understand only the velocity of the ionization process, on 
the basis of the physical principles involved, as will be discussed in detail 
in the chapter on the relationships between constitution and reaction 
velocity (See This Text, Vol. II, Chapter XIX). 


%” For a “description”? by the use of the valence-dash formulas see, for example: 
C. K. INcotp and R. Rosrnson, J. Chem. Soc., 123 (1923) 1706. For a later formu la- 
tion see: C. K. INGotp and C. W. SHopPEE, J. Chem. Soc., (1928) 371; C. K. INGOLD, 
Annual Reports, 1928, 133. Compare also W. O. KERMACK and R. Rosinson, J. Chem. 
Soc., 121 (1922) 440. 

100 A LiEBEN, Monatsh., 23 (1902) 60. 

101 A. Ricuarp, Ann. Chim. Phys. [8], 21 (1910) 331. 
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All attempts that have been made heretofore to predict, on the basis of 
theory, the direction a rearrangement will take have been unsatisfactory, 
The great difficulty of all such predictions is evident from the fact that in 
many circumstances the experimental conditions are the determining factor 
as to which radical will migrate most rapidly 1. 

If now we recognize with certainty the boundaries that are set to a 
representation of the pinacolin rearrangement by means of our structural 
formulas, all other hypotheses formerly made are at once taken care of, 
and thereby rejected. In part these hypotheses seek, by means of the 
assumption of a suitable reaction-sequence, to evade or pass around the 
assumption of an intramolecular atomic migration. In part they shift the 
intramolecular atomic migration to some position in the reaction-sequence 
Where, on the basis of some sort of conclusions drawn from analogy, it 
may seem probable; others still attempt an interpretation by means of 
the assumption of some hypothetical and non-isolable intermediate pro- 
ducts. Several of these hypotheses that were made formerly have indeed 
been able to point out directions for experimental research, the carrying 
out of which has often led to new knowledge, and it is very instructive to 
follow the developments that have finally forced the abandonment of these 
hypotheses one after the other. A discussion of the experiments and investi- 
gations that have been carried out to support or to contradict and reject 
the individual hypotheses seems especially valuable because of the fact 
that similar lines of reasoning will be found again also in the attempts to 
explain many other not so fundamentally and thoroughly investigated 
types of reactions. It is often thought that one has certain clues or evidence 
in support of chemical reaction mechanisms that can be constructed on the 
basis of structure-chemical theory, whereas in reality these clues cannot 
at all be regarded as proof, because only new experiments will enable us 

*? A. Mc Kenzie and A. K. Mitts, Ber., 62 (1929) 1784; compare furthermore the 
remarks made on p. 418 footnote 64 on the retropinacolin rearrangement of pinene hydro- 
chloride and the dependence of the quantitative relationships of the amounts of different 
fenchenes formed in the elimination of water from fencholon the experimental conditions 
(See p.448). It will not do, therefore, to assume generally invariant or nearly invariant 
relationships in the migration-velocities, and to wish to interpret these by a certain 
“affinity-content”’ of the radicals, If qualitatively we rather frequently find the same 
sequence it can at first only be put down as an important experimentally observed 
fact. Considerable and comprehensive material bearing on this subject was furnished 
by the investigations of M. TIFFENEAU, J. Livy, A. P. OREKHOFF and Coworkers, Buil. 
Soc. Chim. France [4], (1931) 1595 etc.; furthermore also W. E. BacHMANN and 
F. H. Moser, J. Am. Chem. Soc., 54 (1932) 1124, and especially W. E. BACHMANN and 
H. R. STERNBERGER, J. Am. Chem. Soc., 55 (1933) 3819. In the case of two different 
types of pinacones we find two oppositely directed series for the velocities of migration 
of the ions. For a statement of the experimentally found regularities and laws in the 


rearrangements of the symmetrically-substituted aromatic pinacones see: W. E. Bacu- 
MANN and J. W. FerGuson, J. Am. Chem. Soc., 56 (1934) 208. 
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to decide as to their worth or worthlessness. In such cases it is necessary 
to proceed just as in the case of the testing of the hypotheses on the pina- 
colin rearrangement. 

The one hypothesis which is able fully to get around anatomic migration so 
foreign to structural chemistry was proposed and developed by ZELINSKy™, 
This author assumes, both for the pinacolin as well as for the retropinacolin 
Tearrangements, the formation of a three-membered carbon ring as an 
intermediate step in the reaction. This three-membered ring is then subse- 
quently again broken open at some bond other than the one newly formed 
by ring-closure. In this way it is possible to understand and interpret the 
migration of a carbon-containing radical without having to abandon or 
violate the principle of least possible structure-change. According to 
ZELINSKY the rearrangement reactions then proceed by the following steps: 





.. CHs~ han Sipe CHS 
ines t a ——————C + H,O °° = 
CH,~ | |SOH « Char Chor OH ths 
OH HCH, 
Tetramethyleneglycol 
CH3~ CH; a 
2a ee es Os = § (CH,),;C-COCH, + H,O 
CH;~ | OH Methyl-tert-butyl-ketone, 
CH, 
H H 
2. CH3_ | CH; | 
( DaN aS 5: ea Pe ee Aha Gig oe EO coe 
CH,~ | | im CH,~ XCH,~ 
H,CH< “OH 


Methyl-tert-butyl carbinol, 
a secondary alcohol 





H 
CH3~ | - 
= bo C—CH, = (CH,),C=C(CHs;), + H,O. 
CH;~ | | Tetramethylethylene. 
OH CH; 


By themselves the reactions assumed appear to be entirely possible. 

The oldest attempt at an explanation of the pinacolin rearrangement as 
made by ERLENMEYER 14 also assumes the formation (and refission) of a 
three-membered ring. Unlike ZELINSKy, however, ERLENMEYER assumes 
an isomerization of the cyclopropane derivative which cannot be represented 
or interpreted on the basis of structure-chemistry, viz.: the intermediarly 
formed tertiary alcohol with the three-membered ring is assumed to be 
just as unstable as a tertiary alcohol whose hydroxyl is attached to a 


103 N. D. ZeELInsKy and J. ZELIKow, Ber., 34 (1901) 3252. 


s 


104 —. ERLENMEYER, Ber., 14 (1881) 322, footnote. Compare also This Text, p. 312, 
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doubly-bound carbon atom, —C = C(OH)—C. Here then the pinacolin 
rearrangement is set in parallel with the conversion of an enol into a keto- 
form as expressed by the ERLENMEYER Rule, and the difficulty is thereby 
shifted to a position at which it is,—because of this analogy,—less evident. 
The retropinacolin rearrangement cannot, however, be explained by the 
use of this same analogy. 

The tendency to-shift-aside the difficulty in the interpretation of the 
rearrangement and to-be-satisfied with the finding of a series of reactions 
that follow a similar course is found in the hypothesis first expressed by 
ZINCKE and BREUER !%, and then again revived much later by ERLEN- 
MEYER Jr. 1%, by Krassusky !?, and by NEF !°8, according to which an 
oxygen-containing three-membered ring, 7.e. an ethylene oxide, is assumed 
to be formed as an intermediate product of the reaction. This intermediate 
product is then assumed to undergo, when treated with acids, an isomeri- 
zation. corresponding to that of ethylene oxide into an aldehyde, except 
that, in place of the absent hydrogen, a carbon-containing radical undergoes 
migration. 

Analogies for such migrations (as here assumed) are known in the case 
of the rearrangements of the diaryl-acetaldehydes into ketones, which in 


all probability are formed via the intermediate stage of an ethylene 
oxide:20?: 


CH H 

Winey ee ere 

Cig, -O 
tS oe Santana rie H 
Cn So ay Cer Sonar 

Diphenylacetaldehyde Migration of a a,a“-Diphenylethylene 
hydrogen atom oxide 
Migration 


of the C,H,-radical | 


Phenyl benzyl ketone. 
It is probable that the formation of cyclopentyl aldehyde, formed along- 


108 TH, ZINCKE and A. BREUER, Ann., 198 (1879) 146. 
106 E, ERLENMEYER Jr., Ann., 416 (1901) 84. 
107 K. Krassusky, J. Russ. Phys. Chem. Soc., 34 (1902) 
II, 1095. 
108 J. U. NEF, Ann., 335 (1904) 243. 
109 P. RAMART-Lucas and F, SALMON-LEGAGNEUR, Bull. Soc. Chim. France [4], 45 


{1929) 479; P. Ramart-Lucas and J. J. Guervain, Bull. Soc. Chim. France [4], 49 
(1931) 1860. ig 


537; Chem. Zentralblatt 1902, 
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side of trans-1,2-dihydroxy-cyclohexane by the hydrolysis of trans-1-chloro- 
2-hydroxy-cyclohexane in 25 % alcohol solution 1°: 


OH Cl ie im 
" <— P —> sa sain ree 
\OH \OH 5 | oe 
is also based on such an ethylene oxide type of rearrangement. 
For the pinacolin rearrangement the corresponding path could be: 


om) oie CHK, os Cheers cle 
rt = 2 SN er spe es 

oh = all ee ewe CH SO CH, Chee oO 
OH OH 


The retropinacolin-rearrangement is however not covered by this inter- 
pretation. 

The problems which these hypotheses based on intermediate products 
formulable in terms of structure-chemistry place before the research 
scientist are clear. These are to prepare in some way or another products 
with the constitution of the presumed intermediate products, and to 
investigate their behavior and reactions in two directions. In the first 
place it is necessary that from them be formed the same reaction products 
as from the compounds from which they are presumed to be formed as the 
intermediate products of a reaction. But then, furthermore, their velocity 
of reaction-transformation must be greater than the velocity of reaction 
of the rearrangement under study. For if the rearrangement-reaction is a 
stepwise reaction, then its velocity is determined by the slowest step of 
the process, and no reaction which takes place more slowly than the com- 
plete process can possibly be an intermediate step. For this reason it does 
not suffice merely to determine the presence of the hypothetical intermediate 
product in a reaction-mixture where the process was stopped before com- 
pletion, or in the end-products. For one cannot know whether its formation 
is due to the presumed stepwise reaction or whether its formation must be 
ascribed to a separate but concurrent competitive reaction which really 
has very little or anything to do with the actual rearrangement-reaction. 
Only the investigation of the veaction-velocities of the reactions undergone 
by the substance asserted to be an intermediate product can lead to a 
decision whether this substance is or is not formed during the course of this 
particular reaction, rather than in a side-reaction. 

The testing of the hypotheses mentioned above has then led to the follow- 
ing results. 

110 M. GopcuoTt, M. MouSSERON and R. GRANGER, Compt. Rend., 200 (1935) 798. 
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In the dehydration of isoborneol a very small amount (about 0.4 %) of 
a saturated, three-membered ring, hydrocarbon, a tricyclene “4, is formed — 
alongside of camphene. 

In corresponding manner, fenchol yields a somewhat larger amount of 
cyclofenchene ™?, alongside of the other unsaturated fenchenes: 














H H 
C Ze 
pial heii wih pone 
H,C CH, ae * 
H,C—C—CH, | eet | H,C—C—CH, | 
H.C CHOH Ho eee 
: 5 a SS bas 
SS ita vo ea 
dur, CH, 
H H 
G ra in 
aie 
Bee PEALE, ve PS CGH, 
H,c a HC an 
CH, [NCH 
| CH, | —_—_—- | CH, | 
H 
H,C ‘é He te 
+ Ai nOR ey 
eae gi NO 
| | 
CH; CH, 


In this way then, the elimination of water assumed by ZELINSKY as the 
first step of the reaction is actually effected. 

The behavior of tricyclene, which can also be obtained by another 
method (See p. 446), and in a better yield, shows however that it cannot 
be considered as an intermediate product either in the formation of cam- 
phene from isoborneol or in the reverse reaction,—the isomerization of 
camphene hydrochloride to isobornyl chloride. For, as MEERWEIN has 
shown 3, tricyclene exhibits the following chemical behavior: 

1. Lvicyclene remains unchanged on treatment by dehydrating agents 
such as zinc chloride and sulfuric acid ™4,. Therefore it cannot be an inter- 
mediate product in the formation of camphene from borneol or 7soborneol, 
which is effected by these reagents. This also eliminates the possibility 
that the racemization of the molecule which usually occurs when water is 
split out (See p. 423) can be interpreted by the assumption of tricyclene, 


‘} St. Moycuo and F, ZreEnKowskt, A MN., 340 (1905) 25. 


112 'W. Qvist, Ann., 417 (1918) 278. 
‘18 H. MEERWEIN, Ber., 53 (1920) 1815. 
‘4 Compare also P. Lipp, Ber., 53 (1920) 769, 
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which contains no asymmetric carbon atom and is therefore inactive, as 
an intermediate product. Since furthermore, under suitable circumstances, 
optically active camphene can be obtained from isobornyl chloride, its 
formation cannot be interpreted, in terms of an intermediate product such 
as tricyclene, optically inactive because of the absence of an asymmetric 
carbon atom ™. 

2. Tricyclene undergoes an addition reaction with monochloro-acetic acid to 
form isobornyl-chloro-acetate considerably more slowly than does camphene. 


= H H 
C C 
bets. Psi tee atin, 
H,C H 
a { " 2 4 ROOH Fis He fete —_ROOH Pay ee ea 
————> ——— 
cH_!_cH Hye Hey BC cheGH: 
han Otel KOs eR be 
| | 
CH, CHs CH, 
Tricyclene iso-Bornyl] chloro-acetate Camphene 
R = CICH,C= 


3. A detailed follow-up of the addition-process in the case of other acids 
reveals that the primary act of the addition-reaction is the formation of the 
camphene-hydrate esters. In particular, tricyclene reacts with hydrogen 
chloride to give camphene hydrochloride, and not isobornyl chloride. 

Tricyclene can hence also not be assumed as an intermediate product in 
the hypothetical sequence of reactions: 


Camphene —> Camphene hydrochloride —> Tricyclene —> isoBornyl chloride. 


The formation of tricyclene in the preparation of camphene must hence 
be referred to a very slow concurrent side-reaction having essentially nothing 
to do with the rearrangement itself. 


5 The failure to obtain complete racemization in the case of the reaction of optically 
active-2-methyl-2-phenyl-butanol-1, 
CH, __-CH,OH 
GH. ~~CH,CH,, 
with thionyl chloride is further evidence against the three-membered ring hypothesis: 
The product obtained in 31.3 % yield is an only partially-racemized 1-phen yl-2-chloro- 


2-methyl-butane, 
CH, _Cl 
C,H;CH,~ ~~CH,CHs, 
alongside of the corresponding alcohol (9.6 %) and the unsaturated hydrocarbon, 
CH;~ OH ie Ce itt 
C,H,CH,~ ~CH,CH; Sal CH.CH,. 


E. S. Watts and Pu. I. BowMAN, J. Org. Chem., I (1936) 383. 
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The objection "* that has been raised against these arguments, that 
tricyclene ‘‘in statu nascendi’’, as it would appear during the rearrangement, 
simply reacts differently from completely formed and stabilized tricyclene 
should be answered by pointing out that such a “nascent tricyclene”’ is 
not, whatever else it may be, the substance which one designates as tricy- 
clene, and the constitution of which can be represented by a formula. 

MoNnTAGNE 7 has already shown, by quite other examples and by a 
quite different method, that the attempts at an interpretation which assume 
the formation of a three-carbon-atom cyclopropane ring in the pinacolin 
rearrangement, cannot be generally valid, and therefore most probably 
do not strike upon the real root of the problem. The completely phenylated _ 
pinacones, for which no three-membered ring can be formulated as an 
intermediate product in the dehydration-rearrangement, do nevertheless 
undergo the pinacolin rearrangement 1°. It is of course permissible in this 
case to try to assume a four-membered ring as an appropriately logical 
extension of the three-membered ring hypothesis. If however this is broken at 
some other point than the one at which it was closed, it means that we have 
a migration of the aliphatic carbon on the benzene nucleus. If the positions 
on the benzene ring are marked by substitution, it should be possible to 
determine such a migration. Thus, for example, tetra-p-chloro-benzo- 
pinacone ought then to yield a tri-p-chloro-, mono-m-chloro-benzo-pinacolin 
by the following sequence of reactions: 


oe at ay Se eat ade 
tale Lg »—Cl —+CO— 
Ode a. _ 
Vv 





Cn apis i 
_ aS 5. iS i CL, 
3 c ese om 
c1< rs i pence 
bri é ‘ 
i 6 
Cl 
Tri- (Pavachlorophenyl-mono-(metachlorophenyl)-pinacolin 


16 L. Ruzicka, Helv. Chim. Acta, 6 (1923) 280. 
117 P, MonTAGNE, Rec. Trav. Chim: , 24 (1905) 105; 25 (1906) 413. 
( 


"8 Compare also H. MEERWEIN, Aun. » 405 (1914) 174, footnote 1; E. E. Biase 
Bull. Soc. Chim. France (312535 (1906) 591. 
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Actually, however, tetra-(-chloro-phenyl)-pinacolin, 


is formed. 

The hypothesis which assumes the intermediary formation of a four- 
membered ring must therefore be false. 

The rejection of the ethylene-oxide hypothesis is forced by reaction- 
kinetic investigations of the same kind as were used to test the three-mem- 
bered-carbon-ring hypothesis. It is true that under the experimental con- 
ditions of the pinacolin rearrangement one has also occasionally observed 
the presumed intermediate product, the ethylene oxide. Thus for example 
the glycol (I), 1-hydroxy-1-(diphenyl-hydroxymethyl)-cyclohexane, does 
yield the very stable oxide (II) ™°: 

CH,—CHy Ge CH y—CHa. re 


H,C eet => H.C 


SCH—cH,” L . 4 on se OT OCH As Oa 


(I) (11) 


In general, however, the ethylene oxides are not obtained. They can, 
usually, be prepared by other methods, and it is then observed that in 
general they are more stable and resistant toward the reagents producing 
rearrangement than are the glycols 2°. MEERBURG 7?! has made an exact 
and detailed kinetic analysis of the rearrangement of tetra~p-chloro-benzo- 
pinacone and of tetra-(p-chloro-phenyl)-ethylene oxide. 


(I)  (CIC,H,)-=C——-C(C,H,Cl), —> (CIC,H,),;->C—CO—C,H,Cl 


| 
OH OH 


(I) (CICHy)y=C———C=(CoHACl), ==>: (CIC,H,)s>>C—O—C,H,Cl. 
No~ 


Both reactions are monomolecular and occur at about the same rate. 
The reaction velocity constant for the first reaction is 0. 0036 at 70°, for 
the second 0.0017 at 60° C. If in this case some stepwise reaction were in- 


19 FH. MEERWEIN, Amn., 396 (1913) 200. 

120 M. TIFFENEAU, Ann. Chim. Phys. [8], 10 (1907) 346, 375- 

121 P. A. MEERBURG, Rec. Trav. Chim., 24 (1905) 131; 28 (1909) 267, 270; compare 
also P. MonTAGNE, Rec. Trav. Chim., 28 (1909) 2924 
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volved, in the sense indicated by the dotted arrows, then the process (I) 
would have to proceed very rapidly in order that the whole process, the 
velocity of which is determined by process (II), obey a monomolecular 
law of reaction. If this were the case then, if the reaction were interrupted 
at the proper time, it should be possible to isolate the oxide quite conveniently. 
Actually, however, one always finds only unchanged pinacone alongside 
of pinacolin, and never any detectable amount of oxide. The latter cannot 
then be an intermediate product of the reaction. If nevertheless ethylene 
oxides are observed in some few pinacolin-rearrangements they owe their 
formation to a concurrent reaction running independently of, though in 
parallel with, the pinacolin rearrangement. 

The experimental results here reported should suffice to preclude con- 
clusively the formation during the rearrangement of any stable intermediate 
products representable by structural formulas. To those minds trained to 
the structure-scheme, this result however appeared so unsatisfying that 
attempts were made, somehow nevertheless, to force the reaction mechanism 
into the straight jacket of a scheme of formulas. For this purpose the con- 
cept of the structural formula, which by its essential nature has real meaning 
only for more or less stable compounds, was extended quite consciously to 
apply also to these unstable intermediate products #?, which were then given 
formulas which did not, however, obey the laws of the theory of valence. 
Thus TIFFENEAU formulated as such an unstable or labile state a structure 
with two free valences, a “‘diradical’’, which was presumed to be formed 
from the pinacone by loss of water and then rapidly to undergo rearrange- 
menti2s: 

(CH;)2,—=C———C=(CHs5),q (CH3),—C—C==(CHs5), (CH 3)s;=C—C—CHs. 
| ai is. sa — l 
OUR. wh O O 

In the retropinacolin rearrangement the intermediate state is assumed 
to be a diradical with two free valences emanating from the same carbon 
atom (Dyadic or divalent carbon, see pp. 170-174: 


CH;);=C—C—CH, —» (CH;);=C—C—CH, —» (CH,),C=C(CH,),. 
( 3)3 H-“N\OH 3 ( 3)3 oll 3 ( s)e ( s)e 


With the introduction of such a formula-language for unstable interme- 


2° Of these MEERWEIN, Ann., 396 (1913) 215, Says: “If they can at all be designated 
as such”’, 

28 M. TIFFENEAU, Compt. Rend., 143 (1906) 687; Ann. Chim. Phys. [8], 10 (1907) 
330. In this and what follows the free valence has been represented by the old symbol 
of a valence dash pointing away from the atom in order to keep the older conceptions 
in the notation formerly given to them. Today, of course, we should replace each dash 
by a dot as the symbol for an electron. 
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diate states one must however keep clearly in mind just what one may wish 
and be able to express by means of these formulas. A formula is of signifi- 
cance from the standpoint of natural science only if it can be verified by 
experiment; otherwise all one can do is argue whether it is more plausible 
and more helpful to the memory than is some other mnemo-technical aid. 
The test by experiment is however only possible if the unstable state assumed 
can be approached by several methods or from several directions. For then 
one can watch whether in all cases in which one is inclined to assume the 
same unstable state the same reaction product is always formed by a 
number of methods and from various compounds. One reaction alone never 
suffices to determine a formula from the standpoint of structure-chemistry, 
not even in the case of the stable compounds, as was explained in detail 
for the example of ethyl chloride (See p. 242). 

One might also think possible another kind of experimental testing, by 
considering a method that is used in stepwise reactions to capture well- 
known, intermediate compounds which, however, under the conditions of 
the experiment, rapidly undergo further changes. This method consists 
in adding some substance which is known by past experience to react very 
rapidly with the intermediate product, and thus to capture and isolate it 
from the reaction-mixture. This method cannot, however, be applied here, 
for it never leads to a knowledge of the constitution of the intermediate 
product when this can not again be prepared by some way from the captured 
reaction-product and then furthermore subjected to a number of other 
reactions. One example will make this clear, and at the same time show 
the essential difference between the hypotheses of the type of those made 
by ERLENMEYER-ZELINSKY and by ZINCKE, and leading to a clearly experi- 
mental posing of a problem on the one hand, and those scarcely or not 
at all testable, as of TIFFENEAU, on the other hand. 

Suppose now we study alcoholic fermentation, select sodium bisulfite as 
the capturing agent for unknown intermediate products, and isolate a 
compound the constitution of which can be established as 

CH, Ou 
SSO,Na. 
If now we have only this one experimental fact, we can not know on the 
basis of this result which of the formulas, 

OH 
ere * oh gt joan cH,_cZ6— cH,—cZOH, Say oh = PE 

se NOH Maz | /\. 

(I) (11) (IIT) (IV) (V) 


should be assigned to the unstable intermediate product. (I) and (II) 
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correspond and answer to the demands made by the theory of valence; 
one will try to prepare these compounds and to test their behavior with 
respect to NaHSO,. This corresponds to the method that has been used 
to test the theory of the intermediate products in the pinacolin rearrange- 
ment that can be formulated in valence-chemical terms. ‘‘Substances”’ (III), 
({V), and (V), like the diradicals of TIFFENEAU, cannot be isolated as 
such; each of these formulas explains equally well, and in accord with 
the principle of least possible structure-change, the formation of 


H 
én, con 
SSO,Na. 


Nevertheless, in the case of such unstable products we must still be in 
great doubt whether this principle holds at all, and indeed TIFFENEAU 
assumes an isomerization in such labile states. From all these considerations 
it follows that no predictions as to the unstable labile state can be made 
on the basis of the structure of a single capture-product alone. 

TIFFENEAU himself indicated no other method that might lead to his 
hypothetical intermediate products, and for this reason did consider his 
hypothesis as indeed unprovable but at the same time as also irrefutable **. 
In general indeed it will not be at all possible to find a larger number of 
methods which will with a fair degree of probability lead to the same 
unstable state. If however we know only ove such method, and find that 
two reactions which it would seem should, from a rational sensible point of 
view, proceed via the same intermediate stage, but are found actually 
to yield different reaction products, then one may already say with fair 
certainty that there is no point or sense in attempting to set down this 
intermediate step by means of a formula. Furthermore, a hypothesis such 
as that of TIFFENEAU may be regarded as useless if the processes which 
the hypothesis is supposed to explain also take place on compounds for 
which a formulation along the lines of the hypothesis is impossible. 

By the last-named method then, the T1FFENEAU scheme for the pinacolin 
rearrangement, and by the first named method his scheme for the retropina- 
colin rearrangement, are proved as not to the point. The pinacolin rearrange- 
ment of pinacone-dichloride (or of «-chloro-camphene hydrochloride) (See 
p. 428 footnote 85) would, according to TIFFENEAU, have to be formulated 


144 A. RIcHARD (Ann. Chim. Phys. [8], 21 (1910) 332) says of this hypothesis: — 
‘This hypothesis, the most simple, and not predictin g the existence of an undetectable 
intermediate, yet stable, compound, seems to me best to satisfy the mind, and to be 
also the most probable’’. (‘‘Cette hypothése, la plus simple et ne préjugeant pas 
existence d’un composé stable intérmédiaire insaisissable, me semble le mieux satis- 
faire l’esprit et étre aussi le plus vraisemblable’’.) 
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as if a diradical and chlorine were formed, by the latter splitting off in 
place of water: 


ie | <(CHs)2 = ee ee 
53 Nee 4 \t Ven 
rel 
(CH,);=C—C—CH, <— (CH,;)3=C—-C—CH,. 
el Gl. eo 


While it is true that such a splitting out of chlorine is observed in the 
case of symmetrical tetraphenyl-dichloroethane, it must also be pointed 
out that it does not lead to benzo-pinacolin-dichloride, but rather to tetra- 
phenylethylene instead (See p. 579). Furthermore, any intermediately 
formed chlorine would be expected to betray its presence by its chlorinating 
or oxidizing action, a phenomenon never observed in the pinacolin rearran- 
gement. 

A compound with two free valences on the same carbon atom, such as 
TIFFENEAU assumed for the retropinacolin rearrangement, should, from a 
logical point of view, if we are once to take it into account at all, also be 
formed when doubly bound atoms separate off from a carbon atom. This is 
the case in the careful oxidation of hydrazones, where the nitrogen separates 
off from the carbon. MEERWEIN ! carefully oxidized camphor-hydrazone 
by means of yellow mercuric oxide, but obtained only tricyclene, and not 
a compound with a different carbon framework: 
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Tricyclene. 
128 Ht. MEERWEIN, Ber., 53 (1921) 1815. 
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Brept and Horz !% had already earlier discovered the same reaction 
in the case of camphor-quinone-hydrazone, which in this case proceeds via 
diazo-camphor #27 as an isolatable intermediate product 1°, and likewise 
leads, with a preservation of the carbon framework, to a compound with 
a three-membered ring, peri-cyclo-camphanone: 


ae 
C=N—NH, H,C 














CHg _ CH; 
Camphor-quinone-hydrazone Diazo-camphor 





Peri-cyclo-camphanone. 

In the case of pinacolin-hydrazone 12° the reaction follows a different 
path; and instead of a cyclopropane derivative, tetramethylethylene and 
1-methyl-I-zsopropyl-ethylene are formed in about equal amounts. These 
are the same hydrocarbons as are formed by the elimination of water from 
pinacolin alcohol (See p. 407), in a different ratio of course, i.e. with a 
preponderance of tetramethylethylene. 

The hypotheses that operate on the basis of formula-schemes of various 
kinds, and that have been discussed here, must, in so far as they are intended 
to serve in general as an explanation for the WAGNER and the NAMETKIN 
rearrangements, be regarded as refuted. This does not yet, however, mean 
that the substances which can be formulated as stable intermediate com- 
pounds, as assumed in some of these hypotheses, can play no role in 


126 J. Brept and W. Hoxz, J. prakt. Chem. [2], 05 (tory) 194. 

7 A. ANGELI, Gazz. Chim. Ital.,2411 (1894) 44, 317; Ber., 28 (1895) 819. (In these papers 
the compound is named mono-keto-azo-camphane-dione) (monoketazo-camphadion). 

1% Possibly a dihydro-pyrazole derivative constitutes a second intermediate step. 
Compare in this connection the addition of aliphatic diazo-compounds such as diazo- 
acetic ester to double bonds. There is however no experimental evidence for this 
possibility. 

129 A. SERINI, Dissertation, Bonn (1922). 
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other isomerization processes. Indeed, cases are even conceivable in 
which the velocity relationships of the usually very slow reaction via the 
three-membered ring compound and the usually very rapid reaction of the 
isomerization of the ion might be reversed, for the velocities of both in 
principle quite different reactions may depend in quite different and even 
opposite ways on the constitution as well as on the experimental conditions. 

Thus, for example, despite all experimental results with tricyclene which 
definitely exclude this substance as an intermediate product in the WAGNER 
rearrangement, one can not @ priori reject the possibility that the corres- 
pondingly built cyclofenchene does play a réle in the rearrangements of the 
fenchene series. For the principle of the atom-shift that takes place in the 
WAGNER-MEERWEIN rearrangement,—because of the structural relationships 
that in the Nametkin rearrangement need not be considered here—,does 
not suffice to explain the formation of the six fenchenes that have already 
been obtained by the elimination of water from «-fenchol under various 
conditions. It is probable that some of these fenchene mixtures contain also 
a seventh fenchene, obtained as yet only from $-fenchol. 

Fenchol occurs in two diastereo-isomeric forms, distinguished as «- and 
as (-fenchol. They stand in the same relation of exo-endo-isomerism as do 
borneol and iso-borneol; «-fenchol, m.pt. of the optically active form 47°, 
racemic 35°, corresponds, as the endo-form, to borneol; #-fenchol 18°, m.pt. 
5.5°, as the exo-form, to 7so-borneol 312. iso-Fenchol is an alcohol structurally 
isomeric with fenchol, with the hydroxyl group on the opposite side of the 
bridge 121», As yet only «-fenchol has been investigated exhaustively for the 
formation of fenchene. The fenchene mixtures differ characteristically 
depending on whether the water is eliminated by heating with potassium 
bisulfate or by some other method, or whether finally the fenchol is first 
converted by means of PCI, to fenchyl chloride, and the latter then subjected 
to HCl-elimination. Here again the preparations obtained differ depending 
on whether HCl is eliminated directly from the crude chloride mixture, 
whereby fairly pure a-fenchene is obtained, or whether the crude chloride 
is first distilled, whereupon it yields predominantly 6-fenchene. The com- 
position of the chloride,—which, as can be shown by the rate of its hydro- 

120 F{. Scumipt and L. Scuuz, Schimmel-Berichte, (1935) 97 (Chem. Zentr., (1936) 
I, 350). Compare also J. Kenyon and H. E. M. Priston, J. Chem. Soc., 127 (1925) 
ies a spheres my ae configuration for a-fenchol has been given bya: J. 
ToIvonEN by a method entirely analogous to that used for borneol and pacha) 
(Compare p. 414, footnote 55). The structures of borneol and fenchol are not strictly 
comparable, since fenchol has no gem-dimethyl group in the bridge, and this group 
exerts a strong influence on the exo-hydroxyl of iso-borneol. Instead, fenchol has the 
gem-dimethyl group directly adjacent to the hydroxyl. 

121b Here too both stereoisomers are known. 
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lysis 182 by means of N/2 alcoholic alkali (Compare p. 416, footnote 61), is in 
part tertiary,—depends also on the conditions of the reaction, and upon 
the method of working up the product of reaction obtained from the action 
of PCl; on «-fenchol. Furthermore, the formation of fenchenes and of Phos- 
phoric acid esters is also observed, and if the crude reaction product is left 
standing for a longer time before being purified, much 7so-fenchyl chloride 
is obtained. In spite of far-reaching investigations on the fenchyl chlorides 1°, 
and which have shed much light on the matter, the problem can not yet be 
considered as clarified 1934, 133b, 

The following compilation gives the methods of preparation and the 
properties of the fenchenes, which, following Komppa, are designated 
respectively by the Greek letters « to €. The formulas are given on p. 449. 

Cyclofenchene 4, weakly dextro-rotatory; boiling point 141° (Q); 
142—143° (K). From fenchol, m.pt. 47°, according to TscHuGAEFF (See 
p. 431) as the main product, with «-fenchene as the only by-product 
(Q 285, 307); with KHSO, a little, alongside of much 8-, less +- and 8-fen- 
chene (Q 301—302; K 139). With HCl it: gives a hydrochloride which 
readily yields a pure «-fenchene (Q 309); hydration by glacial acetic and 
sulfuric acids yields isofenchol (Q 308, K 155). 

a-Fenchene, laevo-rotatory; b.pt. 157—159° (Q), 155—156° (K) (WAL- 
LACH’s D,/-fenchene). Obtained in fairly pure form from laevo-rotatory 
crude fenchyl chloride and aniline 1°4, The chloride undergoes partial iso- 
merization on distillation, becomes dextrorotatory, and then yields also 
a large amount of,— 

6-Fenchene, dextro-rotatory, b.pt.152—154°(Q), 15 I—153°(K) (WALLACH’s 
D,d-fenchene). Prepared in very pure form from crude isofenchyl chloride 
(O 313). Also obtained alongside. of lower boiling fenchene fraction (y- and 
6-, the latter racemized) from isofenchol, as well as from fenchol and 
KHSO,, alongside of cyclofenchene (Q 304, K 134). 


2G. Komppa and S. BECKMANN, Ann., 509 (1934) 51. For the chlorides obtained 
from iso-fenchol see I. KonDAKow, J. prakt. Chemie, [2], 75 (1907) 539. 

a In the reaction between borneol and PCl; the iso-bornyl chloride obtained in 
preponderant amounts is also formed by way of the tertiary camphene hydrochloride, — 
as well as by substitution involving (followed by) a WALDEN inversion. H. HUcKeEL 
and H. Pirtrzox, Ann., 540 (1939) 264. 

As an especially remarkable fact it must be emphasized that the thermal decompo- 
sition of the a-fenchol xanthogenic acid esters by the method of CHUGAEV (TSCHUGAEFF) 
yields chiefly cyclofenchene along with some a-fenchene (Compare also p. 431 ref. 95). 

188 8-Fenchol esters when treated in the same way yield chiefly x-fenchene, with at the 
most traces of cyclofenchene. N, J.Torvonenand E. PULKKINEN, Suomen Kemistilehti, 
B 24 (1951) 65. Ibid., Ag (1936) 72. 

‘84 For comprehensive reviews see: W. Qvist, Ann., 417 (1918) 278 (QO); G. Komppa 
and H. RoscuHier, Ann., 479 (1929) 129 (K). For the properties of the fenchenes see 
K, pp. 139—140. 

1858 OQ. WALLACH, Ann., (1898) 302, 376. 
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(For explanations see pp. 448-452.) 
For an interpretation of the relationships in the light of more recent knowledge see p. 453- 
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y-Fenchene, b.pt. 145—147° (K 137). 

5-Fenchene, laevo-rotatory, b.pt. 139—141° (Q), 139—140° (K). QvistT’s 
zsoFenchylene; NAMETKIN’s Fenchylene; Komppa’s 7so-Fenchene. 

Prepared from zsofenchol, m.pt. 61°, quantitatively by the TSCHUGAEFF 
method 135, For preparation from fenchol, see above under cyclofenchene 
(See p. 448, footnote 134) 1°. 

e-Fenchene is prepared from fenchol and AlPO, at 1go0° C 1%8, 

Like «- and (§-fenchenes, y-fenchene yields the acetate of zsofenchol © 
(Q 311, 316) when treated with glacial acetic-sulfuric acid mixture. 

The seventh possible fenchene, C-fenchene, b.pt. 148°,—with a structure 
like that of «-fenchene except that the double-bond is endo- instead of 
semicylic,—may possibly also be present in the mixtures. It is formed free 
of the other fenchenes, by another chemical reaction mechanism, by the 
action of sodium isopropylate on the toluene sulfonate of 8-fenchol (Com- 
pare also Tis Text, p. 778) 8". The interpretation formerly was as follows: 

Cyclofenchene is the only possible normal dehydration product of fenchol. 
The «- and the e-fenchenes owe their formation to various WAGNER type 
rearrangements, of which the first corresponds to the transition 7soborneol—> 
camphene, and the second to the formation of santene from camphenilol: 
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135b, ¢ See appendix. yields e-Fenchene. 


186 N. J. ToIvonen and E. TiKKANEN Suomen Kemistilehti 
Zentralblatt 1931, II, 2150) ’ witlehtt, 2 (1929) 169 (Chem. 


187 'W. HUcket and H. KINDLER, Ber., 80 (1947) 197. 
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From the tertiary chloride, which corresponds to the «-fenchene, it would 
be possible for still another fenchene with the same carbon skeleton, but 
with an endocyclic double bond, to be formed; as yet its presence in the 
fenchene mixtures has not however been established. 

The other fenchenes are formed also from isofenchol 1°88, and it is possible 
that in the above cases they have been formed via this substance, The normal 
dehydration product of this zsofenchol is 5-fenchene; 6- and y-fenchene are 
formed as the results of a WAGNER rearrangement going over the same 
tertiary chloride, which then undergoes elimination of HCl in two different 
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The problem as to how isofenchyl chloride or other esters of isofenchol 
are formed from fenchol has not as yet been completely clarified in spite 
of the fact that more recently numerous detailed investigations have been 
carried out on the chlorides obtained from fenchol (Compare p. 448, foot- 
notes 132, 133). In the final result we have a MEERWEIN rearrangement, the 
migration of a secondary chlorine atom to the second carbon atom, to 
which it also again becomes attached by a secondary bonding. The obser- 
vations so far discussed however give no clue whether this regrouping takes 
place within the ion as in the WAGNER or NAMETKIN rearrangement, Or 
whether it takes place in a round-about way. Further on (See pp. 454 etc.) 
we shall again discuss such round-about ways which lead over cyclofenchene, 
from which isofenchol can be obtained by hydration. 


At present it is more proper to proceed as follows: 


The unsaturated fenchenes may be classified in two groups, of which the 
one group, with «-, t-, and e-, is closely related to fenchol, while the other, 
with 8-, y-, and 6-, is related to iso-fenchol, and indeed these relationships 
are of respectively exactly the same kind. 

z- and t-fenchene can be derived from fenchol by a WAGNER rearrange- 
ment, in which the bond C,—C, is broken, and a new bond C,—C, is formed. 
Besides this, a second WAGNER rearrangement is also possible, with one of 
the methyls of the gem-dimethyl group migrating, and leading to e-fenchene. 


138a While the words borneoland isoborneol signify diastereo-isomers, the correspondin g 
notations fenchol and isofenchol signify the relationship of structural 1somerism. 
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This reaction is analogous to the formation of santene from camphenilol 
(See p. 121). The formulas for these rearrangements, if formulated, for the 
purpose of visual comprehensibility, with a migration of the chlorine in the 
secondary fenchyl chloride (the configuration of which still remains an open 
question) instead of with a bond-displacement in the ion, come out to be 
as follows: 
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@- and y-fenchene are formed by a WAGNER rearrangement from 7so- 
fenchol. Another rearrangement, which would correspond to the santene 
displacement, is not possible in the case of zso-fenchol, since here a CH,- 
group is adjacent to the secondary alcoholic hydroxyl. Instead of it a de- 
hydration without rearrangement leads to 3-fenchene. The formation of 
6- and of y-fenchene, in which the ring between C, and C, is broken, can be 
represented, again in terms of the corresponding chlorides, as follows: 
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(NAMETKIN-QVIST, 1916) 


For explanations see pp. 448-452. See also the older interpretation on p. 449. 

Hydration of (- or of y-fenchene by means of glacial acetic-sulfuric acid 
mixture again yields 7so-fenchol. 

While the routes leading from fenchol to the «-, C-, ande-fenchenes, as well 
as those leading from iso-fenchol to the §-, y-, and $-fenchenes seem to be 
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quite clear, the transition from the one group of the fenchenes to the other 
is still an open problem. For this, if for the time being we neglect the question 
of an intermediate step, two possibilities are conceivable: Either the route 
follows the order fenchol —> 7so-fenchol —> §-, +-, 5-fenchene, or it follows the 
order fenchol —> 8-, y-fenchenes —> 7so-fenchol —> 8-fenchene. The alcohols 
could also be replaced by their ester (chlorides) or by the corresponding ions. 

Several circumstances hold against the order first given. Most important is 
the fact that if one works rapidly in the preparation of fenchyl chloride from 
a-fenchol and PCl;, up to 30 % of 8-fenchene, mixed with some y-fenchene, is 
obtained, while if the reaction product is allowed to stand fora longer time, this 
substance is not obtained (See above), but rather almost nothing other than 
the secondary ?so-fenchyl chloride. Furthermore, on heating with potassium 
bisulfate, «-fenchol yields only very small amounts of 5-fenchene, the normal 
dehydration product of 7so-fenchol. A direct rearrangement of fenchyl chloride, 
or of some other fencholester, or of the fenchy] cation, into 7so-fenchyl chloride, 
would constitute furthermore a migration of the chloride from one side of the 
ring to the other side, an assumption for which, as shown in the case of the 
camphane series (See p. 428), noexperimentalevidence has as yet been found?!*8», 

There remains then only the second sequence. Its course has, as we shall 
assume as known at once, been clarified by the experiments of Komppa and 
NyMAN 9, i.e. that @- and y-fenchene both arise from cyclofenchene by 
ring-fission. 

The cyclofenchene ring is opened only with difficulty by weakly acid agents, 
but rather readily by means of hydrogen chloride or potassium bisulfate. 
Phthalic acid leaves cyclofenchene completely unchanged at 140°, only on 
longer treatment with phthalic anhydride at 200° is the cyclofenchene ring 
slowly broken asunder to yield 8- and y-iso-fenchene as well as ‘so-fenchyl 
phthalate. At 150° the rather moderately strong phosphoric acid leaves cyclo- 
fenchene largely unchanged; <-fenchene was found as the only unsaturated 
isomerization product. Bisulfate for 1 hour at 145° causes complete isomeri- 
zation to ®- and y-fenchene, along with, perhaps, traces of 5-fenchene. 

Dry hydrogen chloride likewise causes fission, in a relatively short time, 
of the three-membered ring of cyclofenchene, yielding a probably not quite 
homogeneous, and unstable, ‘‘cyclofenchene hydrochloride” of m.pt. 
26—29° C. Its further transformations yield no clear-cut picture “°, The 
velocity of its reaction with N/2 alcoholic alkali lies between those for the 
tertiary chlorides, «-fenchene hydrochloride and 8-fenchene hydrochloride 


1388P See however also the reaction of a i i i i 
Is pofenchylamine with nitrous acid to giv tl 
apofenchol and apo-iso-fenchol (See Pp. 460). ee 
* G. Komppa and G, Nyman, Amn., 535 (1934) 252. 
*0 G. Komppa and S, BECKMANN, Ann., 503 (1933) 136. 
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(from «- or ®-fenchene + HCl), but considerably closer to the first, the more 
rapidly reacting one. It is therefore certainly a tertiary chloride, containing 
only traces of a secondary chloride. The ring has therefore fairly certainly not 
opened up between the atoms 2 and 6, or at least not much. Hydrolysis with 
milk of lime, which leads to $-fenchene hydrate, indicates fission between 
carbon atoms I and 2; the elimination of HCl by means of aniline, giving 
almost pure «-fenchene, indicates an impure a-fenchene hydrochloride, i.e. 
fission between I and 6. 

On the other hand, the isomerizations of cyclofenchene obtained by means of 
other reagents seem, if the formation of the as yet little investigated ¢-fen- 
chene is omitted, to speak a clear language. These isomerizations correspond 
exactly to the direction taken by the elimination of water from fenchol under 
the same conditions. One must therefore conclude that @- and y-fenchene are 
here formed from cyclofenchene by ring fission between the atoms I and 2. 

The picture as a whole is then as follows: 

The normally proceeding elimination of water from «-fenchol leads to 
cyclofenchene, the formation of which can also be understood sterically 
from the endo-position of the hydroxyl in «-fenchol (Compare here also the 
steric relationships in the thermal decomposition of the xanthogenate esters, 
Chapter X, p. 749). The «-fenchene, always formed to the extent of several per 
cent with bisulfate, is due to a WAGNER rearrangement. Since cyclofenchene 
with bisulfate yields no 5-fenchene, the previous formation of the latter can 
not be explained in terms of the hypothesis of a three-membered ring. The 
same is true for e-fenchene, even though it can be obtained from cyclofenchene, 
for its formation can not be visualized in terms of a simple fission of the three- 
membered ring of cyclofenchene,—it would first be necessary to form the 
ester of one of the two stereo-isomeric fenchols, or the anion thereof, which 
could then undergo a WAGNER type rearrangement. $- and y-Fenchene are 
however derived from cyclofenchene, the three-membered ring of which 1s 
split between carbon atoms 1 and 2. The primarily formed tertiary ester 
of @-fenchene hydrate, or the ion thereof, then undergoes a normal elimina- 
tion reaction. The 3-fenchene is the last link in this series of transformations, 
begun by the formation of 7so-fenchol, or the esters thereof, by a WAGNER 
rearrangement, and then proceeding on further from there. . 

This picture is supplemented by the observation that, if acid media are 
avoided, as by the use of sodium /so-propylate, the toluene sulfonic acid ester 
of «-fenchol yields #-fenchene with a small amount of cyclofenchene. The 
same toluene sulfonic acid ester of $-fenchol yields the ¢-fenchene, free of 
isomers, but alongside of other products of hydrolysis 141, while the reaction 


1418 WW. HitcKeL and H. K1inpLer, Chem. Ber., 80 (1949) 197. 
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of a-fenchyl amine with nitrous acid (See p. 460) leads to «-fenchene, 
alongside of some ¢-fenchene and cyclofenchene ™!». 

Some significant questions do of course still remain unanswered. These are 
related to the fact that fenchol, zsofenchol, and «-fenchene, as well as 6-fen- 
chene hydrate, should each have two diastereo-isomers. Of these all but one 
of the two «-fenchene hydrates are now known,!* but except for the two 
fenchols and of «-7so-fenchol have as yet scarcely been investigated for their 
products of reaction on dehydration.” Since under the conditions of formation 
of the esters, or of their cations, that appear as intermediate steps, that have 
usually been used in order to obtain fenchenes, it is necessary to reckon with 
the possibility of a WALDEN Inversion (See Chapter VII, v72), it is not at all 
always certain in which possible configuration the molecule has actually 
reacted 1438, This however changes nothing as to the significant fact that if one 
is to adhere to intermediate steps to explain the course of the reaction, then it is 
necessary — to account for the formation of §-, -, and 6-fenchene from fen- 
chol— toassume cyclofenchene as an intermediate product of the reaction», 

The ways that have been trod in investigations on the pinacolin and the 
retropinacolin rearrangements show how careful an experimental study 
must be made in order to attain clarity as to how far one may go in the 
representation of a reaction-course by means of chemical structural formulas. 
It is not sufficient that somewhere and somehow in the course of the reaction 
one has isolated a compound that one can from a formal point of view 
consider to be an intermediate step; it is necessary rather to determine 
also its velocities of formation and of further transformation both absolutely 
and also relative to the velocity of the whole reaction process, in order to 
be able to know whether or not it can as an intermediate product be inte- 
grated into the course of the reaction, or whether its formation is due to 
a concurrent reaction. In setting up “‘reaction-mechanisms”’ this point is 
often not sufficiently well taken into account, and many of the supposedly 
clarified “‘mechanisms” are therefore at the least. still very uncertain. 
Warning should be given that especially great caution must be exercized 
in the establishment and use of formulas that violate or contradict the theory 
of valence for hypothetical, non-isolable, intermediate states, since in the 
great majority of cases these are not subject to a critical proof by a suffi- 


141) (J) STROLE, Dissertation, Tiibingen, 1952; W. HtcKeEt and U. STROLE, Ann., 585 
(1953) 182. 

1428, The methyl-a-fenchocamphorol, obtained by Grignardation of a-fenchocam- 
phorone, is identical with a-fenchene hydrate. See G. Komppa and S. BECKMANN, 
Amn., 508 (1934) 205. 

42D See Appendix. 

1438 See in particular the remarks of G. Komppa and S. BECKMANN, Ann 
(1933) 137. 

43D See Appendix. 
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ciently large number of experiments. These formulas are of value only 
when alongside of the hypothesis several independent methods are given 
for an experimental decision of the problem. The fact that in a few cases 
mono- and diradicals have been isolated means very little as to the signi- 
ficance of such radicals as intermediate steps in chemical reactions, just as 
little in fact as say the existence of cyclopropane means for the significance 
of compounds containing a three-membered ring as intermediate products 
of rearrangement-reactions 4. The errors into which one gets entangled 
if one does not proceed here with the greatest of caution should have been 
demonstrated sufficiently by the fate of the methylene theory of Ner ™. 
One must never forget that structural formulas and the theory of valence 
have been derived from the behavior of stable compounds, and that, there- 
fore, for every reaction there must be a step where these modes of expression 
cease to have meaning: The actual chemical reaction itself cannot be represented 
by chemical formulas and the theory of valence 1°. 


(71) REARRANGEMENTS DURING THE REACTION OF AMINES 
WITH NITROUS ACID 


Closely related to the rearrangements that consist of a migration of a 
halogen or inorganic acid radical, either with or without the preservation 
of the carbon skeleton, are the rearrangement-reactions of the primary 
amines with nitrous acid 47. Even the simplest and long-known examples 
indicate this relationship ; thus for example, -propyl amine yields a mixture 
of both n-propyl- and iso-propyl alcohols when treated with nitrous acid ; 
at the same time, as happens to a greater or lesser extent in almost all 
corresponding reactions, some unsaturated hydrocarbon is also formed 1°: 


CH, CH, CHLOE (-7%) 

CH,-CH,-CH,-NH, —> CH,-CHOH-CH, (32%) 
CH,-CH=CH, (28%) 

Total isolated products 67%. 





144 F, Henricu (Theorien der Organischen Chemie, 5th edition, p. 330 (1924)) fails 
to recognize the true significance of chemical formulas when on the basis of the existence 
of free radicals he recommends that the free radicals be used to a greater extent than 
previously as a means for interpreting chemical reactions. See translation from 
4th German edition as Theories of Organic Chemistry,by T. B. JOHNSON and DOROTHEA 
Haun, John Wiley and Sons, New York, 1922. 

145 Summaryin J. Am. Chem. Soc., 26 (1904) 1549. Compare also This Text, pp. 172-173. 

146 For the classification of the rearrangement-reactions into the different types of 
courses of reaction see pp. 811 etc. 

147 CH,-NH, + HNO,: F.C. WHITMORE and Coworkers, J. Am. Chem. Soc., 63 (1941) 
1773. 

"Ta V. Mever, Ber., 9 (1876) 535; 10 (1877) 132. F. C. Wuitmore and R. S. THORPE, 
J. Am. Chem. Soc., 63 (1941) 1118. 
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It is remarkable that in the case of the higher homologs of the amines 
the amount of secondary alcohol formed decreases strongly as the chainlength 
increases, although the total yield of alcohols remains constant and the amount 
of olefins is also almost constant at 25—30 % 14%. iso-Butyl amine yields 
isobutene alongside of isobutyl alcohol and tertiary butyl alcohol: 

(CH ;);C—OH (75%) 
(CH,),CH—CH,—NH, —> (CH,),CH—CH,OH (25%) ™ 
(CHs).C—=CHy 

A change in the carbon skeleton has been established, for example, in 
the case of the reaction of cyclobutyl-methyl amine !? as well as of cyclo- 
hexyl-methyl amine 1°*: 





= ee ECE 

___—CH,NH OH ) CH,OH CH, 
LS shone «ls aaealige mp at alba acmegee umes 

Imethyl Cyclo- Cyclo- Cyclobutyl Methylene- 

ahs as ¢ spite pentene carbinol cyclobutane. 
OH GH,OH | 


> ieee 
Ome 55 we ( ) fe L ete, 


Ring-widening Peery es | 
Cyclohexyl- according to Cyclo- Cyclo- Cyclohexyl 
methyl amine DEMYANOV heptanol heptene carbinol, 


Cyclopentylamine reacts in a similar manner. 

In the course of time several more such examples of the transformation 
of a branched chain into an unbranched or normal chain in the case of 
alicyclic 4 as well as of cyclic amines © containing the atomic grouping 


Ws 


>C—CH,—NH, have been found. 
.G 


149 D. W. ADAMSON and J. KENNER, J. Chem. Soc. London, (1934) 839. An attempt 
at an explanation is made there on pp. 841—842. 

150 E, LINNEMANN, Ann., 162 (1872) 24; L. HENRY, Comp. Rend., 145 (1907) 899. 

51 Tn a ratio of 75 : 25 of the total alcohol. 

12 N. DemMyJANow and M. Luscunikow (DEMYANovy and LUSHNIKOV), J. Russ. Phys. 
Chem. Soc., 35 (1903) 26; Chem. Zentralblatt 1903, I, 828. 

188 N. Demyanov, J. Russ. Phys. Chem. Soc:, 36 (1904) 166; Chem. Zentralblatt 1904, 
I, 1214; compare also L. Ruzicka and W. BruGGER, Helv. Chim. Acta, 9 (1926) 399; 
O. Watracu, Ann., 353 (1907) 327. According to WALLACH it is quite likely that some 
cyclohexyl-carbinol is also formed, see there P- 325. 

‘4 Compilation and review by M. FREuND, Ber., 23 (1890) 2865; 24 (1891) 2150, 3350. 
Vor more recent investigations see : D.W. ADAMSON and J. KENNER, J. Chem. Soc. London, 
(1934) 838; this paper contains a detailed bibliography of references to the literature. 

185 QO, WALLACH, Ann., 353 (1907) 325 etc.; L. Ruzicka and W. BRuGGER, Helv. 
Chim. Acta, 9 (1926) 399. For more recent examples in the terpene series, see Natur- 


forschung und Medizin in Deutschland T939—1946, The American FIAT Review of 
German Science, Vol. 34, Theoretical Org. Chem., I, pp. I30—I31. 


a REACTION OF AMINES WITH NITROUS ACIDS 459 


In the thiophene series we find that because of such a rearrangement 
aremarkable ring expansion results: thus «-thiophene-methylamine with 
nitrous acid yields alongside of the normal reaction product «-thiophene- 


carbinol, also the doubly unsaturated hydroxy-penthiophene, or hydroxy- 
thiopyran °°: 
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In the case of amines which carry the amino group on the secondary 
carbon atom, i.e. which contain the grouping R,CH-NH,, rearrangements 
have been observed in only rare cases, and these when the amino group 
was attached to a cyclobutane ring)’. In other cases of this type the 
products obtained are almost always ¥* only the alcohol corresponding in 
structure to the amine, and the unsaturated hydrocarbon, in relative 
amounts varying a good deal from case to case. 

From the theoretical point of view also, the rearrangements that occur 
during the decomposition of the amine nitrites may be placed in parallel 
with the rearrangements of the halides, provided we assume that in acid 
solution,—for only in such do the rearrangements occur,—a temporary 
formation of diazo compounds takes place, and that these then yield rapidly 
decomposing diazonium salts according to the scheme: 


ONOH 
R,CH—CH,—NH, —-—> R,CH—CH,-N=N—OH -—> 
—» [R,CH—CH,—N,]* Ac’ —> [R,CH—CH,—N,]) = [RsCH—CH,]" + Na. 


186 N, J, Purocuin and W. S. JEGorowA, (N. Ya. Putoxutn and V. S. Ecorova) 
J. Gen. Chem. (U.S.S.R.), 10 [72) (1940) 1873; Chem. Zentralblatt 1941, I, 613. 

157 At the same time ring-narrowing to the three-membered cyclopropane ring 1s 
observed, R. STOERMER and F. ScuHENckK, Ber., 60 (1927) 2566; 61 (1928) 2372. A 
radical with two free valences on the carbon (Compare Ber., 60 (1927) 2573) must not 
be assumed as an intermediate product in this reaction, R. STOERMER and W. KELLER, 
Ber., 64 (1931) 2785. See furthermore F. ScHENCK, J. prakt. Chem. [2], 134 (1932) 
215. For the reactions of aminotruxillic acid -- HNO, see also H. I. BERNSTEIN and 
E. S. Watts, J. Org. Chem., 7 (1942) 261. ae 

158 Neo-menthylamine, = 3-amino-menthane, yields menthanol-4; W. HUcKkeEt and 
G. Lecurke, Ann., 543 (1940) 198, 225. Pinyl amine -- HNO, yields myrtenol along- 
side of pinocarveol: HARRY Scumipt, Schimmel-Berichte 1941, 56. 
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As a result of the dissociative decomposition of the once positively 
charged diazonium complexes, ions are formed transitorily. These ions 
correspond to those assumed as intermediate products in the MEERWEIN 
rearrangements, and can also themselves undergo similar rearrangements )”. 

As a matter of fact such reactions corresponding quite completely to 
the pinacolin rearrangements have been observed in the reaction between 
tertiary 1,2-amino-alcohols, amino-alcohols and nitrous acid !®, furthermore, 
also in the case of the secondary 1,2-amino-alcohols 1*1. Amines of the type 
of the pinacolin alcohols, R,C—-CH(NH,)—R, have been tested with respect 
to their behavior toward nitrous acid in only a few isolated cases. Thus 
a-fenchyl amine nitrite on decomposition in acetic acid solution yields 
chiefly the «-fenchenes formed by the normal retro-pinacolin rearrangement. 
It is, however, obtained completely free of all other fenchenes 1*?, though other 
compounds, such as for example, «- and $-fenchol, as well as «-terpineol 1% 
formed by a much further-going rearrangement, are also found. 

zso-Bornyl amine with nitrous acid yields almost exclusively the camphene- 
hydrate and an optically pure camphene; d-bornyl amine yields also in 
considerable amounts optically pure d-«-terpineol 1®. 

The formation of unsaturated hydrocarbons, that can take place under 
rearrangement, can be visualized by means of a positive ion as an interme- 


19° The fact that when the hydrochlorides of the amines are subjected to this 
decomposition small amounts of chlorides may be formed alongside of the alcohols (and 
hydrocarbons) (F.C. WuITmorE and D. P. Lanctots, J. Am. Chem. Soc., 54 (1932) 3441) 
is also in accord with this assumption. This corresponds to the fact that in the decom- 
position of the aromatic diazonium chlorides small amounts of nuclear-chlorinated or 
chloro-aromatic compounds are formed alongside of the phenols, 

160 F, BETTZIECHE and A. Eurticn, Z. physiol. Chem., 160 (1926) 1; S. KANao and 
T. Yacucui, J. Pharm. Soc. Japan, 48 (1927) 46, 68. For the *‘Semipinacolin-de- 
amination’”’ (Compare This Text, p. 413, footnote 51) according to Mc KeEnzir, see: 
A. Mc Kewzir and A. C. Ricnarpson, J. Chem. Soc., 123 (1923) 79; A. Mc KENnzIE 
and R. Rocer, Ibid., 125 (1924) 844; A. Mc Kenzirand W.S. DENNLER, [bid., 125 (1924) 
2105; A Mc Kenzie and G. O. WILLs, Ibid., 127 (1925) 283; A. Mc KEnzir, R. ROGER 
and G. O. WILLs, Ibid., (1926) 779; A. Mc KeEnziE, J. Soc. Chem. Ind., 50 (1931) 926, 
also Chem. Zentralblatt 1932, I, 1095; A. Mc Kenzie and M. S. Less ig, Ber., 62 (1929) 
288; A. Mc Kenzie and J. R. MyLEs, Ibid., 65 (1932) 209; A. Mc KEnzik and A. D. 
Woop, Ber., 71 (1938) 358. 

‘6? 1,2-Diphenyl-amino-ethanol yields glycel and phenyl benzyl ketone, while 
1,1-diphenyl-amino-ethanol and I,1,2-triphenyl-amino-ethanol yield only the ketones 
formed by rearrangement. See H. FELKIN, Compt. Rend., 226 (1948) 819; 227 (1948) 
1383. For the reaction of I-aminomethyl-cyclopentanol-1 and its ring homologs with 
HNO, see B. TscHouBaR (CHUBAR), Bull. Soc. Chim. France (5), 16 (1949) 160, 164, 
169. Compare also M. TIFFENEAU and B. TcHouBar, Compt. Rend., 205 (1937) 55. 

1 O. WALLACH, Ann., 362 (1908) 181, found only «-fenchene. For further ob- 
servations see: U. STROLE, Dissertation, Tiibingen, 1952; W. HtcKe and U. StrROLE 
Ann., 585 (1953) 182. 

163 W. HUckKEL and H. WotowskI, Ber., 80 (1947) 30. 

%, 


tf W. HtcKet and F. NErpe1, Amn., 528 (1937) 5 
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diate step, if one assumes that this then splits off a proton, and thereby 
forms an electrically neutral molecule, in which a double bond may be 
formed by a simple electron-shift, as for example; 


+ . — 
CH,—CH,—NH, —> CH,—CH, = H+:CH,—CH, —> H,C=CH,, 
t 


or 
H,C—CH,~. -H H,C—CH. -H H,C—CH.~w VH 
: & — .C 4 —> ri af —> 
H,C—CH,— ~CH,—NH, H,C—CH,7-~CH, H,C—CH,—_->CH, 
t 
H,C—CH,~ -H H,C—CH,—C—H 
H,C—CH,— “CH H,C—CH,—C—H 


For further details thereon see This Text, Chapter X, Section v, Elimination 
Reactions, pp. 772 etc. 

The isomerizations which saturated hydrocarbons suffer when subjected 
to the action of aluminium chloride probably also proceed via a transitory 
formation of ions with a positive charge on the carbon (Compare This Text, 
Chapter X, p. 728). The aluminium chloride seizes to itself a hydrogen atom, 
including both of the bonding electrons participating in the valence bond, 
so that a positively charged C-residue remains behind: 

RH + AIClL — R*[HAICh)-. 


(177) BENZILIC ACID REARRANGEMENT 


The frequently observed rearrangement of «-diketones to a-hydroxy acids, 
which takes place under the (catalytic) influence of alkalis, isnamed the benztlic 
acid rearrangement after the first found and best studied example of its kind. 
This rearrangement can be effected in aromatic, semi-aromatic (0-quinones), 
in alicyclic, and in aliphatic, as well as in heterocyclic, -diketones: 
Aromatic diketones: 
HO) Colin pOH 3) CO; OH 


C,H,-CO—CO—C,H, —— —_—> 
C,H; COOH LO) sy 


Benzil = Dibenzoyl Diphenylglycollic acid Benzophenone. 


Semi-aromatic diketones: 


Be ee a a 


00 eeretd o~ “cOoH i 
Phenanthrene-quinone 9-Hydroxy-fluorene- 
Phenanthraquinone g-carboxylic acid Fluorenone. 


165 J, vy, LIEBIG, Amn., 25 (1838) 27. 
166 A vy. BAEYER and P. FRIEDLANDER, Ber., 10 


10 (1877) 534- 


(1877) 126; P. FRIEDLANDER, Ber., 


, —_——l 
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| 
Oss OH HOOC. A Unmet O=7 \—oH 
1h ae — HO } ee | | 
Cahuero a OS oH Ie OM sO ee ere or 


| Croconic or Crocic acid. 


Rhodizonic acid 


Alicyclic diketones: 


H Hi 
C 
SY Ate 
ho CHO ene ait 
ne dene BEC GG 
St \c- 
rox IPS 
Ay 2 


1,2-Diketo-cyclohexane, prepared from cyclohexanone + Br, followed by 
hydrolysis with alkali (Compare pp. 317-318), 








Hs Hy 
C OH —CO C 
ei ae 2 ee 
H,C Cc Sige H,C C=O 18 
| | “COOH +O | | 
H,C CH, Hi, CH, 
1-Hydroxy-cyclo-pentane- Cyclopentanone. 
I-carboxylic acid, 
or 1-Hydroxy-1-carboxy-cyclopentane 
Aliphatic diketones: 
CH,—COOH CH,—COOH CH,—COOH 
| OH 169 
C=O ya co C—O 170 
ei “COOH PLease 
-. +0 
CH,—COOH CH,—COOH CH,—COOH 
Ketipic acid Citric acid Acetone-dicarboxylic acid. 


8, B’-Diketo-adipic acid 


167 R. NIETZKI, Ber., 23 (1890) 3136. 

ane O). WaLLacu, Ann., 414 (1916) 294, 206; 437 (1924) 148. See also Appendix. 

ease eS FRANZEN and F. Scumirt, Ber., 58 (1925) 222. For an explanation of similar 
rearrangements in the case of the sugars under the influence of alkali see: J. U. NEr, 
Ann., 376 (1910) 4. 


70 H. v. PEcCHMANN, Ber., 17 (1884) 2543; R. WILLSTATTER und A. PFANNENSTIEHL, 
Ann., 422 (1920) 5. 


% 
71) 
a 
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Heterocyclic diketones: 


ete | pia H,O aoe ae 
NNH—CO~ ae “NH—CO~ “OH 
Alloxan Alloxan hydrate 
OH piv 
Ba(OH), oo; ~COOH ikea D ctaobad 
—<—<_—_——_> sys ae ee) +O “NNH—CO 
Alloxanic acid = Parabanic acid. 


5-Hydroxy-hydantoin-5-carboxylic acid 


The reversal of the benzilic acid rearrangement has been observed on 
a few isolated examples. Thus for example, the lead salt of hydroxy- 
camphenilane-carboxylic acid !”* yields carbo-camphenilonene 1 when 
heated. Since this latter on oxidation yields camphenic acid 14, which is 
also formed, and indeed as the principal product !”° along with some 
hydroxy-camphenilane-carboxylic acid, in the oxidation of camphene by 
permanganate, we have the following cycle of reactions in which the reversal 
of the benzilic acid rearrangement is effected twice, once in the oxidation 
of camphene and the second time on heating the lead salt of the acid: 














CH CH, 
Cry OMe Ce nc CH,—CH—"“C< 
14 en. KMnO, ; CH 
CH, —> CH CODR 
| 
CH,—CH—C=CH, CH,—CH—COOH 
Camphene yx Camphenic acid. 
reaaia 
| KMnO t H,O 
| nU, KOH / ee 
CHs CH, 
CH,—CH—C<cyy, Pb—salt ‘alae oe tants 
—_> 
‘Wis heated Cae 
CH,—CH—C—COOH CH,—CH—C=O 
OH 
Hydroxy-camphenilane- Carbo-camphenilonone 


carboxylic acid 


171 H. Brrtz, M. Heyn and M. Beratus, Ann., 413 (1916) 68. 
172 Usually called hydroxy-camphenilanic acid, though sometimes also camphenylic 


acid. is 
1% S. V. HintikKA, Ber., 47 (1914) 512. A further example, the first of this kind, 


is the formation of carbo-fenchonone from the lead salt of «-fencho-carboxylic acid, 
O. WaALLAcH, Amn., 300 (1898) 300; 315 (1902) 275. 

174 Also known as camphene-camphoric acid. 

175 Compare in this connection also O. ASCHAN, Napththene Compounds, Terpenes 


and Camphor Types (Naphtenverbindungen, Terpene und Campherarten), p. 205, Berlin- 
Leipzig (1929). 
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Finally, also, the reversal of the benzilic acid rearrangement may take 
place when hydroxycamphenilane-carboxylic acid is heated. In this case 
the carboxylic acid evolves free hydrogen to yield the oxidation product of 
carbocamphenilonone, 7.e. camphenic acid 1”°. 

The benzilic acid rearrangement can be, for the time being purely formally, 
placed in parallel with the pinacolin rearrangement, if we write one carbonyl 
in the hydrated form and formulate the reaction as a simple exchange of 
positions of the KO and C,H, groups (Compare pp. 408, 433). 





O=C ee, Oat, 
| IN at 
OH, <2 KOO KO C,H, OH. 


So far this formulation has found experimental support in one point, — 
the fact that under suitable experimental conditions derivatives of the 
hydrate form can actually be isolated, and that since these rapidly and 
quantitatively undergo rearrangement into the benzilic acid, they may 
therefore be considered as intermediate products. Thus SCHEUING 17? was 
able to prepare and to cause to rearrange the addition-product of one mole 
of potassium hydroxide and one mole of benzil as formulated above. The 
addition of potassium ethylate has also been effected, but this addition 
product undergoes rearrangement to potassium benzilate only slowly and 
accompanied by simultaneous side-reactions 178, The experiments of 
SCHEUING however still leave open the question whether it is the mono- 
potassium salt that undergoes rearrangement, or whether a di-potassium 
salt must be assumed as in equilibrium with benzil and the mono-potassium 
salt in accordance with the equation: 


2 C,H,—C— CCN, => GH —c 





C—C,H, + » ©,H,—CO—CO=Cie 


aie ee 
OO OK HO O O OK 
H K H 


From the observations made by WESTHEIMER 179 on the kinetics of the 
benzilic acid rearrangement it follows that a doubly ionized benzil molecule 
cannot be considered as an intermediate step in the reaction; beyond this 
no definite conclusions can be drawn as to the chemical mechanism of the 
reaction in which a bimolecular process can be measured. The possibility 


“8 O, AscHAN, Ber., 47 (1914) 1121. 

177 G, SCHEUING, Ber., 56 (1923) 252 

“8 Probably the presence of traces of water is responsible for this and the side 
reactions ; G, SCHEUING, Ber., 57 (1924) 1963. On the other hand, water is not necessary 
for the rearrangement with potassium hydroxide in an ether solution: T, W. Evans 
and W. M. Denn, J. Am. Chem. Soc., 52 (1930) 252. 

179 F. H. WESTHEIMER, J. Am. Chem. Soc., 58 (1936) 2209. 
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that the negative ion corresponding to the mono-potassium salt of benzil- 
di-hydrate constitutes the first intermediate step in the rearrangement 
still remains 1*°. It is however impossible from the experimental results 
obtained so far to derive any very certain conclusions as to how the rearrange- 
ment of ‘the potassium salt is brought about 381, 

In any case it appears doubtful whether the same causes can be held 
responsible for the benzilic acid rearrangement as for the pinacolin rearrange- 
ment. For the conditions under which the benzilic acid rearrangement 
takes place are quite different from the other, and make the intermediate 
formation of ions of the type R,C” seem rather improbable. 

It is however entirely possible that, as also in certain cases for the retro- 
pinacolin rearrangement, while such ions do not appear as independent 
structures in an intermediate step of the reaction, the carbon atom, from 
which the migrating group breaks off along with the bonding electron-pair, 
i.e. as an anion, does transitorily acquire a positive charge, which is however 
very quickly again compensated for by an electron-displacement. The 
migrating group likewise does not appear as an independent and self- 
sufficient ion, but remains within the molecular union. This concept of the 
process can be represented by the following scheme for the rearrangement of 
the simply-ionized, hydrated, molecule of benzil: 


eelal 8) Spam’ ia mi a 
| | | | 
HO—C——C—C,H, — HO—C——C—C,H; —» HO—C-——C—C,H, 
| ty ies u 
C,H; C,H, » C,H; 
Ou0s O OH 


| = || 
—» HO—C—C—C,H; —» O—C—C—C,H;. 


C,H, C,H; 


The carbonyl here reacts as if it contained a single bond in place of the 
double bond, and as if the second pair of the electrons of the double bond 
had migrated to the oygen, thereby making the C*—O -bond strongly 
polar with an electron-sextet on the carbon atom, which then picks up 
the electron-pair of the migrating group to fill up to an octet and form a 


180 C, K, Inco_p, Ann. Reports Chem. Soc. London, 25 (1928) 124. However, now 
F. C. WuitmoreE, J. Am. Chem. Soc., 60 (1938) 2002, also regards this assumption 
as correct, while earlier he thought differently, J. Am. Chem. Soc., 54 (1932) 3274; 
eae oye isotope O18 is more rapidly exchanged when the benzilic acid 
rearrangement takes place in alkaline than when it takes place in neutral solution. 
From this I. RoBerts and H. C. UREy, in agreement with INGOLD (ref. 180), conclude 
that the addition of OH’ is the first rapidly proceeding step of the rearrangement. The 
problem of the rearrangement itself is however not solved thereby. 
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single bond. This corresponds to the formulation used to represent the 
formation of unsaturated hydrocarbons in the reaction of nitrous acid on 
amines (See p. 460). 

The representation of a rearrangement as a continuously proceeding process 
corresponds also to our concept of a true intramolecular rearrangement in 
the uncatalyzed rearrangement of camphene hydrochloride to zsobornyl 
chloride, as well as to our modern concepts for other rearrangements. 
(See pp. 471-479). 

By means of the formula here assumed for the intermediate stage (though 
not a true intermediate step), and showing the non-ionized carbonyl as a 
polarized group that incites an anionic phenyl to migrate, it is possible to 
explain also a benzilic acid rearrangement that STAUDINGER and BINKERT?* 
effected by an other than the usual method. Benzil adds potassium to form 
a deep red potassium salt, derived from stilbene-diol: 

C,H,—c{o CHE cHok 

+ 2K = 

C,H,;—C=0O C,H,;—C—OK , 
for with acetic anhydride it yields stilbene-diol-diacetate. On auto-oxidation 
under suitable circumstances,—addition of dry oxygen in a warm, dilute 
benzene solution,—this potassium salt 18° yields up to 50 % of benzilic acid 
alongside of benzoic acid. This formation of benzoic acid is readily under- 
standable; that of benzilic acid can now 184 be formulated as follows: 


On on 
Ko_c-¢_cH, ~ Ko_¢_¢_¢u, + 30% 
CH, CH, 
:0: OT ne 
= KO—C—C—C yi, as KO—¢_¢_c,H, 
ot “CH, 


The lines of thought that were otherwise used to interpret the benzilic 
acid rearrangement always seem, by the way, to move in the same directions 
in which an explanation for the pinacolin rearrangement was sought for 
in vain. Out of all these therefore, we shall here only mention the hypothesis 


182 H. STAUDINGER and A. BINKERT, Helv. Chim. Acta, 5 (1922) 703. 

188 Di-sodium-benzil yields only a small amount of benzilic acid, alongside of much 
benzoic acid. W. E. Bacumann, J. Am. Chem. Soc., 56 (1934) 963. 

184 Now unnecessary is the assumption of ethylene oxide as an intermediate step 
formerly considered as a possible but rather improbable step for a number of reasons, 
among others that ethylene oxides have scarcely ever been obtained in auto-oxidation 
reactions, even though ethylene oxide itself is obtained in a moderate yield from the 
reaction of ethylene and oxygen at 300° C. See Chem. Zenty., 1942 I, 1305, 1306. 
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of SCHROETER !*°, which assumes the splitting out of two groups attached 
to the same atom, and the rearrangement of the resulting structure with 
divalent carbon (Compare p. 442): 


NA 
ots be omen Ge go Chet 0, 
| oa —HOOK | 
| , Spiel at | pe 
| | 
O H OK O 
CoHe~ eaten, 


= C=C=O G o-()). 
CoH | eal apres Gao wae 
Diphenylketene OH OK 


Experiments conducted for the purpose of following up this hypothesis 
led to the discovery of the formation of diphenylketene from azi-benzil ?*°, 
from which two nitrogen atoms dissociate off from the same carbon atom: 


C,H,—C=N, CeHs~_ 
= C==C=30 » ee Ng 
C,H,—C=0 ae sg 
Azi-benzil Diphenylketene. 


From diphenylketene however, no way is known that leads to benzilic 
acid. Furthermore, other «-diazo-ketones react quite differently from azi- 
benzil when they lose nitrogen; thus diazo-camphor yields pericyclo- 
camphanone (Compare p. 445). The SCHROETER hypothesis can therefore 
not be used to explain the benzilic acid rearrangement wie 


(iv) REARRANGEMENTS DURING THE DEGRADATION OF CARBOXYLIC 
ACIDS TO PRIMARY AMINES. HOFMANN REACTION, 
CURTIUS AND LOSSEN DEGRADATION-REARRANGEMENTS 


The hypothesis of the simultaneous fission of two substituents attached to 
the same atom and of the subsequent rearrangement of the divalent radical 
has been established with greater success in the case of other rearrangements, 
which can be realized in stages that can by the hypothesis be considered 
as analogous reactions, than has been the case for the benzilic acid rearrange- 
ment itself. Nevertheless we must always keep in mind, especially in view 
of its failure in the explanation of the pinacolin and the benzilic acid 

185 G, SCHROETER, Ber., 42 (1909) 2344. 

186 G. SCHROETER, Ber., 42 (1909) 2346. 


187 Compare in this connection also A. MIcHAEL, J. Am. Chem. Soc., 42 (1920) 812. 
This paper includes numerous references to the literature on the benzilic acid, as well 


as on other, rearrangements. 
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rearrangements, that by purely chemical methods we can obtain only 
so-called proofs by analogy. We shall, therefore, be forced to remember 
that, even when it does not contradict experience, the last word in the course 
of the reaction in question has not been spoken so long as physical investi- 
gations do not bring direct support for the existence of a divalent radical, 
the isolation of which by chemical methods will probably never be suc- 
cessful. 

The hypothesis just mentioned seems to be most illuminating for an 
explanation of the courses of reactions leading from the carboxylic acids 
to an amine containing one carbon atom less. Here we find, as SCHROETER 
was able to show, the one and the same rearrangement, be it that we 
consider reactions during which the hypothesis demands a simultaneous 
but separate fission of groups from the same atom, or be it that from a 
reasonable point of view we must assume the separation of two nitrogen 
atoms from the same atom in the form of a nitrogen molecule. 

We know of three mutually very closely related reactions of this type, 
all leading from a carboxylic acid to a primary amine with one fewer carbon 
atoms: the HOFMANN reaction, the Curtius degradation, and the LossEN 
degradation. 

(t) In the case of the HOFMANN reaction 18° an acid amide is treated in 
alkaline solution with a hypobromite or hypochlorite; the end result can 
be represented by the summarized equation, 


R—CONH, + NaOBr = RNH, + :°CO, + WNaBr, 


which however tells us nothing about the actual course of the reaction. 

(2) In the case of the Curtius degradation 189 an acid ester is converted 
via the hydrazide and the azide into its carbamic acid ester, by saponification 
of which the amine is then obtained: 


188 A. W. v. Hormann, Ber., 15 (1882) 756, 765; CH. Maucuin, Ann. Chim. Physique 
8], 22 (1911) 297, 316. The optically active acid amides containing the CONH, group 
on the asymmetric carbon atom yield optically active amines: the asymmetry of the 
carbon atom from which the other carbon atom splits off as CO,, and to which the 
nitrogen then becomes attached, is hence retained. E. S. WaLtis and S. C. NAGEL, 
J. Am. Chem. Soc., 53 (1931) 2787; see there also for further literature. See furthermore 
This Text, Chapter VII, p. 549. For the HoFMANN reaction with iodosobenzene + KOH, 
see J. TSCHERNIAC, Ber., 36 (1903) 218. 

199 Tu. Curtius, Ber., 27 (1894) 778; J. prakt. Chem. [2], 64 (1901) 401, 419; TH. 
CurTIUs and H. CLeMm, Ber., 29 (1896) 1166. For an improved method see: C. NAEGELI 
and G. STEFANOWITSCH, Helv. Chim. Acta, 11 (1928) 609; L. Grtntrucu and P. LEN- 
DorfFF, Helv. Chim. Acta, 12 (1929) 227; see furthermore in this connection C, NAEGELI 
and Coworkers, Helv. Chim. Acta, 12 (1929) 205, 894; 15 (1932) 49; 16 (1933) 349. For 
the H’-ion catalysis in azide decompositions, see M. S, NEwMAN and H.L. Girp ENHORN, 
J. Am. Chem, Soc., 70 (1948) 319. For a review see P. A. SMITH in RoGer ADAms’ 
Organic Reactions, Vol. ITI, Chapter 9 (1946). John Wiley and Sons, New York (1946) 
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R—C—OC,H : R—C—NH—NH R—C—N=N 
| 2s" HNN, T 2 HNO, i 2 
O apnikesliiecdiod*) 7 ee 
Rearrangement 
cx N, + R—NH—C—O0OC,H, —— RNH co C,H,OH 
in C,H;OH solution ° | — TaN eae: 
O 


(3) In the case of the LossEN degradation 1° a hydroxamic acid, which 
can be obtained, by one among other methods, from an acid ester and 
hydroxylamine, is decomposed thermally, either as such or as its alkali 
or alkaline-earth salt, or as an acetyl or benzoyl derivative (i.e. ester), or 
by still other methods as well. In any of these cases, provided excess alkali 
is excluded, an isocyanic acid ester can be isolated 1%! as an intermediate 
stage ; 


2 


~OH 
NOH iN=H 
R—C or the tautomeric form R—C —> 
OE. a 
—H,O with + H,O 
—> R—N=C=O ————— R—NH,+ CO,. 
Rearrangement Alkali or Acid 


The HorMmanN reaction has likewise been shown to take place via inter- 
mediate stages, of which the first step has long been recognized as the 
formation of an N-brominated, or N-chlorinated, acid amide 1, while the 


190 W. LossEN, Amn., 175 (1875) 313; ROTERMUND, Ibid., 175 (1875) 257; PIESCHEL, 
Ibid., 175 (1875) 305. Compare also W. LossEN, Amn., 161 (1872) 359; 175 (1875) 278. 
Later on numerous papers appeared on this subject ; among others those of A. HANTZSCH 
Ber., 27 (1894) 1256; Jou. THIELE and Coworkers, Ann., 295 (1897) 136, 167; 309 (1899) 
189; E. Monr, J. prakt. Chem. [2], 71 (1905) 133. 

When dibenzohydroxamic acid (= benzoyl-benzohydroxamic acid, 

C,H;-CO-NH-O-CO-C,H; or C,H,;-C—N—O-CO-C,H;, 
OH 
rearranges, the primary product is 
C,H,;—-N—C=O + C,H;COOK, 
G. DoucHerRTy and L. W. Jones, J. Am. Chem. Soc., 46 (1924) 1535. For a review 


article see H. L. YALE, Chem. Reviews, 33 (1943) 209. 
191 The products formed both by sequential as well as by side-reactions, as for 


example diphenylurea from phenyl isocyanate and aniline, are for the sake of simplicity 


omitted from the discussion here. 
1922 S) HooGEWERFF and W. A. vAN Dorp. Rec. Trav. Chim., 6 (1887) 376. In the 


reaction with C,H,IO the process must be formulated as follows: 
Cols 


RCN, +, O=I—C,H,y = Sor ree + H,0 
| | 


; 
ene so VERE Dy 
H,0 L> R-NH, + CO,. 
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further steps, at least for the case of benzamide, were experimentally 
established by Monr 3%, using benzamide as the model: 


a KOH 
c.H—co—nH, HOS! c.H,—co—No Swe 


\Q a 


l 

ioe “canta Ae i 
Ove CT : NCl 

Potassium benzoyl chloro-amide potassium 


| { C.H,—-C—N: Mesomerism CaHy—C—O: | 
| J 





Direct (?) | KOH 
rearrangement. 


Tautomerism 
KCl + C,H,.—_N=C=0 KOH C,H,-N—C=0 2 =. C,H, -N—C_ On 
——- 
Phenyl isocyanate H OK ' OK 
Phenyl carbamic acid potassium salt, or 
Potassium phenyl carbamate 
a 


| KOH 
C,H;—NH, 





Whether the phenyl carbamate is formed directly from the benzoyl- 
chloro-amide with two moles of potassium hydroxide, or whether the phenyl 
isocyanate represents a necessary intermediate stage, remains still undecided, 
for the latter reacts very readily with excess potassium hydroxide to form 
the carbamate. 

If phenyl isocyanate does really represent an intermediate stage, then 
it seems reasonable to assume that hydrogen chloride does split off from 
benzoyl-chloro-amide (or potassium chloride from the potassium salt of 
benzoyl-chloro-amide), and that the residue containing univalent nitrogen 
then undergoes rearrangement ™, especially if the potassium salt is written 
in the following form: 


| Ich. 
O | 


\ CablmCeaN allies 


For in this case it is only necessary that one electron shift within the complex 


in order simultaneously to make the ‘chlorine an ion and the nitrogen 
univalent 1%, 


198 E. Monur, J. prakt. Chem. [2], 73 (1906) 177, 228; compare also 72 (1905) 297; 
also W. vAN Dam and J. H. ABERSON, Rec. Trav. Chim., 19 (1900) 318. 

14 JULIUS STIEGLITz, Am. Chem. J., 18 (1896) 751; 29 (1903) 49; compare also 
J. U. Ner, Am. Chem. J., 18 (1896) 753 (footnote). 

8 According to Cu. R. Hauser and W. B. RENFROW Jr., J. Am. Chem. Soc., 59 
(1937) 121, the splitting off of halogen ion is the velocity-determining process in the 
HOFMANN reaction. The examples investigated were the sodium salts of the m- and 
the p-substituted N-bromo-benzamides, 
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A fission reaction that leads to the same radical with univalent nitrogen 
can also be formulated for the azide: 
CHES CSNSN, hs tee oss Pegg aa ak 
| | 


O O 


in which, in place of a salt, elementary nitrogen splits off. As a matter of 
fact, actually, the action of one mole of potassium hydroxide, or better 
yet, of silver carbonate, on benzoyl-chloro-amide, and the careful splitting 
off of nitrogen from benzazide, by warming in benzene solution 1%, lead 
to the very same substance, phenyl isocyanate. 

In the same way in the case of the LossEen degradation, the same radical 
with the univalent nitrogen may readily be assumed as an intermediate 
step between the hydroxamic acid and the isocyanate, provided we also 
assume that water splits off from the tautomeric form of hydroxamic acid: 


els ue 
C,H,—C—N = C,H,—C—N +H,0. 
I “OH tl & 


Under other experimental conditions, resulting from our working not 
with the free hydroxamic acid but rather with its derivatives, not water 
but some other stable molecule will be split off. Thus, for example, when 
dibenzhydroxamic acid is treated with potassium hydroxide, potassium 
benzoate is the molecular product split off: 


H Ms 
C.H;—C—NT 4+KOH —> H,O +/C,H;-C—N—O—C—C,H, ] 
! O—C—C,H; | | | K— 
O | a O O = 
O 
2KOH 


—> KO—C—C,H, + C,H;-C—N’ —> C,H;-N=C=O ——> C,H,—NH, + K,CO,. 
i me 
O 


We can penetrate somewhat deeper into the nature of the rearrangement 
leading to phenyl isocyanate if we consider the participation of the bonding 
electrons. Univalent nitrogen, the assumption of which appears somewhat 
unique and strange, loses its remarkable strangeness in this case. For 
the free valences of this nitrogen then appear as two single electrons. These 
may combine to form a single electron pair. The nitrogen, which already 
possessed two within the ion, thus still possesses two electron pairs after 
the dissociation or splitting off of the chloride ion: 

Cel CN |= CsHy—C—N tele. 
| | aah 0 
19% G, SCHROETER, Ber., 42 (1909) 2339. 
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The total number of electrons on the univalent nitrogen is then only 
six. It will therefore have a tendency to fill this sextet up to an octet, and 
this tendency constitutes the driving force for rearrangement: The radical 
attached to the carbon migrates along with both of its two bonding electrons, 
i.e. in a certain sense more or less as an anion, to the vacancy on the ni- 
trogen, while at the same time, and making use of the two single electrons 
on the nitrogen, a double bond is formed between the nitrogen and the 
carbon: 


Lorre 
rn 
Ze 


CH eel CeH; 
—N: 
i Of 


It is not necessary in this case that the radical attached to the carbon 
actually appear as an independent anion; it is rather much more probable 
that its separation and migration are directly related to the separation 
of the chloride ion from the nitrogen 1%? (See also further below on p. 479). 
The circumstance, however, that it itself brings along the electron pair 
necessary for bonding will have to be held responsible for the fact that, in 
case its carbon atom which is bound to the acid-amide group happens to 
be asymmetric, the configuration of this asymmetric atom is retained 
intact 18 (See also This Text, Chapter VII, p. 549). 

That the migrating radical does not in reality form an independent anion, 
not even transitorily, is shown by the Hofmann reaction of the optically 
active form of 3,5-dinitro-6-«-naphthyl-benzamide 2%, 

The optical activity depends on the prevention of the free rotation of the 
phenyl and the naphthyl groups about the bond connecting them by means 
of the carbamide and the nitro groups in the ortho-positions. One alone of 
these groups does not suffice to prevent the rotation between the two 


residues (Compare p. 72). The reaction with bromine and alkali yields an 
optically active amine: 


> sh ap BED uke 
geste: —— < >No, . 


O=C—NH, NH, 


197 Compare C. L. ARENS and J. Kenyon, J. Chem. Soc., (1939) 916. 

198 FE. S. WALtis and S. C. NAGEL, J. Am. Chem. Soc., 53 (1931) 2787; further litera- 
ture will be found in this paper as well as in This Text, Chapter VII, p. 444. 

199 E. S. WALLIS and W. W. Moyer, J. Am. Chem. Soc., 55 (1933) 25908; compare 
also E. S. Wattis and F. C. WuitmorE, J. Am. Chem. Soc., 56 (1934) 1427. 


jin 
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If during the reaction the anion 


with only ove group present in the ortho-position had been formed, it would 
have to undergo racemization very quickly. The absence of racemization 
is therefore strong evidence against its independent existence. 

Relationships similar to those in the HOFMANN, the CurtTIus, and the 
LossEN degradation are also present in the WOLFF rearrangement of the 
diazoketones to carboxylic acids 2: 


O H,O, Ag,O O 

| a eerie i 

e Na,S,0, & +N, 
ha ie % BN 
cm) CHN, HO Sema 


/ ft 


R—C—CH <> C=CHR | 
| | 2 S| 
eee a 
This rearrangement is the basis of the ARNDT and E1sTeRT method for 
converting a carboxylic acid to its next higher homolog by way of the 
acid chloride and the diazoketone 7°. 
Since the diazoketones are obtained from an acid chloride and diazo- 
methane, this reaction constitutes not a degradation, but rather the building- 
up of a carboxylic acid to the next higher homolog **. 


R-CO-Cl+2CH,N, = R-CO-CH-N,+CH,Cl + N;: 
pe Go cH =n: &S""R* CH,COOH. 


That it is the carbon atom of the diazomethane that is inserted into the 
molecule, thus pushing forward by one position the carbon atom of the 
carboxylic acid, follows from the synthesis of phenylacetic acid from a ben- 


200 Compilation of the literature by J. F. LANE and E. S. Watts, J. Am. Chem. Soc., 
63 (1941) 1674. é 

201 The Arndt-Eistert Synthesis by W. E. BACHMANN and W. S. STRUVE, in Organic 
Reactions, Vol. I, pp. 38—62. John Wiley and Sons, New York, 1942. 

202 When too little diazomethane is used, HCl rather than CH,Cl is produced, and 
this immediately destroys the diazoketone already formed : 


R-CO-Cl + CH,N, = R-CO-CHN, + HCl —» R-CO-CH,CI + Nz. 


For a review of this reaction see B. E1isteRT, Neuere Methoden dey prdparativen orga- 
nischen Chemie (Newer Methods of Preparative Organic Chemistry), PP. 378 etc., 
406 etc., Verlag Chemie (1943); also earlier, F. ARNDT, B. E1stertT, and W. PARTALE, 
Berichte, 60 (1927) 1364. 
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zoic acid in which the carboxyl carbon atom has been tagged by means of 
a 13C-atom 2%, 


(v) BECKMANN REARRANGEMENT 4 


In the case of the HOFMANN reaction, the CurTIUS, and the LossEN degra- 
dation rearrangements, the inner relationships are clear. The care with 
which, however, one must proceed in drawing conclusions by analogy, 
which might otherwise be arrived at by a formal consideration of the formu- 
las, is shown by a comparison of the HOFMANN reaction with the rearrange 
ment of the oximes discovered by, and named for, E. BECKMANN 2°, This 
rearrangement occurs under the influence of phosphorus pentachloride, 
with glacial acetic acid and sulfuric acid, and under some circumstances 
already with acetic acid anhydride, as well as in attempts to benzoylate 
the oxime in pyridine solution, and leads to an acid amide 2, 

The formal representation of this process permits us to recognize as the 
end-effect an exchange of positions between the radical originally attached 


to the carbon atom and the hydroxyl group on the nitrogen: 
R—C—R R=C#00) evippe it C20 
| as | ees 


, 
N—OH N—R H—N—R 


Stereoisomeric oximes in which both of the two radicals attached to the 
carbon atom are different frequently yield different products of rearrange- 
ment, in that in one oxime the one and in the other oxime the other radical 
migrates. If the migrating radical is a substituted phenyl, then after the 
rearrangement this appears attached to the nitrogen by the same ring 
carbon atom by which it had been formerly attached to the carbon atom 2%, 


*8 For the synthesis of such a benzoic acid by the Grignard method using C0,, 
see C. HuGGETT, R. T. ARNOLD, and T. I. Taytor, J. Am. Chem. Soc., 64 (1942) 3043. 

2°4 For a review of the literature and results obtained in this field see A. H. Bratt, 
Chemical Reviews, 12 (1930) 215; E. C. FRANKLIN, Chemical Reviews, 14 (1934) 219; 
M. Kunara, On the Beckmann Rearrangement, Monograph by SHIGERU Komatso, 
Imperial Univ. of Kyoto at Tokio, Japan, 1926. For the more recent experiments 
carried out by W. THEILACKER see the discussion in Naturforschung und Medizin in 
Deutschland 1939—1946 in FIAT Review of German Science, Vol, 34, pp. 140, etc. 
Theoret. Organic Chemistry, Vol. I. American ‘translation published by Leibiger, New 
York, 1950—1951. W. THEILACKER, Ann., 563 (1948) 99, 104; 572 (1951) r2r. 

06 E. BECKMANN, Ber., 19 (1886) 988; 20 (1887) 1507, 2580; 21 (1888) 516; Ann., 
252 (1880) 1. 


206 Rearrangement of hydroxylamine derivatives of triphenylmethane with PCl,, 
as for example tritylhydroxylamine, 


Cl; 
(CsH;);C-NHOH —>» [(CgHs),C-NH]Cl —> (C,H,).=N-C,H; (=benzophenone-anil) 
see J. StrEGLi1Tz, J. Am. Chem. Soc., 36 (1914) 272338 (1916) 2046. 


207 P. MonTAGNE, Rec. Trav. Chim., 25 (1906) 376; Ber., 51 (1918) 1479; E. BrEck- 
MANN and E, Correns, Ber., 55 (1922) 848. 
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This means that groups in the relative anti-positions have exchanged places” 
(Compare p. 482) 

If, for the time being, we leave out of consideration the last-mentioned 
observations and consider only the fact of the rearrangement itself, then 
we can formulate an obvious analogy with the HOFMANN reaction 2", by 
assuming as the first effect of the phosphorus pentachloride a substitution 
of hydroxyl by chlorine (or, in the case of other reagents undergoing re- 
arrangement, of some other acid radical), and then placing the following 
formulas side by side ?1°: 


Hofmann Reaction: 


C,H;—C— pate aS 
<a y i Oe Rearrangement Oo ‘ Jos Hydrolysis fae Nis 
: NCI Panes ie | OneigN Cat qiesuias TAC EL NN 

K-salt of benzoyl Hypothetical Phenyl 
chloro-amide intermediate product carbamate. 
Beckmann Rearrangement: 

Mates ie Rearrangement Hop tryntate Hydrolysis tl oat aan 
: NCI TUE TTS oS a OG Pia aT are Ler er 8° Be 
Hypothetical Hypothetical Substituted 
substitution intermediate acid amide 

product product 


In both cases a halogen atom attached to the doubly bound nitrogen, 
and a radical attached to the doubly bound carbon atom, inter-exchange 
places. 

Now in this comparison we have not assumed that phenyl isocyanate is 
an intermediate product in the HorMANN reaction; its formation is rather 


208 J, MEISENHEIMER, Ber., 54 (1921) 3206; 57 (1924) 276; Ann., 444 (1925) 94; 
446 (1925) 205. 

209 The possibility of an analogy between the HorMann reaction and the BECKMANN 
rearrangement was first pointed out by S. HoocewerrF and A. W. vAN Dorp, fec. 
Trav. Chim., 6 (1887) 376. 

210 A. Hantzscu, Ber., 35 (1902) 3579. HANTZSCH rejects the formulas 


y: 
R—CO-NC] or RCON 
NK ~K 


Ber., 35 (1902) 226; but on the basis of what has been said above on the subject of 
mesomerism (p. 354 and Vol. II, Chapter XVII), we must still take into consideration 


the mesomerism of the ion 














O iv Tz O came |g! O / JO TF 
eh Folens | fae | or Fe <> | —C. | 
“NH_| | “NH_| “NCL | SNCL |, 
and possibly we must also consider 
OH / y ocl / 
fees and | Reem | 
| SN | SN 
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assumed as a second possible route leading to the carbamate, while the forma- 
tion of the carbamate is presumed to take place by some rearrangement 
of the benzoyl chloro-amide, still unclarified in its details, when acted upon 
by two moles of hydroxide. In this manner of comparison then, no use is 
made of the previously mentioned hypothesis of univalent nitrogen in an 
intermediately formed compound. 

That the type of analogy here discussed as a possibility has no basis in 
reality follows from the observation that chloro-imino-benzophenone, 

C,H—-C—C,H; 


| 
NCl ; 


cannot be brought to undergo rearrangement under the experimental con- 
ditions which are usually used to effect the BECKMANN rearrangement 21) 212, 
In order, however, to make use also in the case of the BECKMANN re- 
arrangement of the hypothesis of univalent nitrogen that had proved so 
illuminating in the case of the HOFMANN reaction, attempts have been 
made, by abandoning the just emphasized parallels, to help oneself in the 
case of the BECKMANN rearrangement with the assumption of hypothetical 
intermediate products which are able to split off the two substituents on 
the nitrogen. For this purpose an as yet unproved 2!% addition of hydrogen 
chloride to the C=N double bond of the oxime has been assumed 2!4, If acetic 
acid anhydride is the reagent producing the rearrangement, we have the 
following picture or reaction scheme: 
FCN OH R,C_N~ (CH,CO),0 
| “SOF eraageante 4 
Oxime Cl 
Hypothetical intermediate product stage 


H eS 
RC aN — R,C-NC — R—C=N—R 


| “OAc | | acest 
Cl (Cl Cl 


| Possible Hypothetical Hydrolysis es Rtas 
tautomerism intermediate steps PA x 
H Kes OH 
ass we 
RiGaNy a> R,C—N_ yt (RCN Rees Acid amide or 
| cl ‘| Lactim form. 


OAc OAc OAc 


211 J. StrEGLITz, J. Am. Chem. Soc., 38 (1916) 2046. 

' 712M. Kunara, Mem. Coll. Sci. Imp. Univ. Kyoto, 3 (1917) 1. Under other condi- 
tions, with SbCl, at 45°, the rearrangement can beeffected ; W. THEILACKER, Z. angew. 
Chem., 51 (1938) 834; W. THEILACKER and H. WoHL, Ann., 563 (1948) 99. 

"18 The formation of hydrochloric acid salts of the oximes, and which can be 
brought to rearrange, as observed by F. Henricu and K. RuppenTHAL (Ber., 44 (1911) 
1533), really gives us, so far as the available experimental data are concerned very 
little information on the course of the rearrangement. ; ; 

414 J. Stieciirz, J. Am. Chem. Soc., 38 (1916) 2046. 
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SCHROETER *!° has attempted to place the hypothesis on firm foundations 
in this case too by means of proofs by analogy corresponding completely 
in their procedure to the proofs used before. The diazides of the ketones 
(from R,CCl, and 2 AgN,) corresponding in structure to the hypothetical 
addition products of hydrogen chloride to the oximes—since the preparation 
of the structurally still more similar chloro-azides, 


could not be effected—, are subjected to thermal decomposition in amyl 
ether solution at 120°C. Nitrogen splits off; simultaneously a radical 
migrates while the second azide group reacts with it, and a tetrazole is 
obtained in almost quantitative yields: 


tyke = C,H,—C ll: + N,.- 
GH, N=N, SN—N 

| 

C,H; 
Benzophenone-diazide Diphenyltetrazole. 


When treated with 75 °% sulfuric acid, the diazide rearranges, in complete 
analogy to the oxime, into benzanilide *"*: 


(C.H,),C(Ny)a + H,O = C,H;CO-NH-C,H; + N, + HNs. 


We must not however see in the results of these experiments the final 
proof that the BECKMANN rearrangement really does take place according 
to the scheme assumed by STIEGLITz and by SCHROETER. Indeed SCHROETER 
himself quite clearly realized the limits of the applicability of his proofs- 
by-analogy 717. Doubts as to the parallels drawn by SCHROETER between 
the HorMANN reaction and the BECKMANN rearrangement should not be 
silenced 218, The experimental conditions under which both reactions take 
place—in one case in alkaline, in the other case in acid solution, are quite 
different. The elimination reaction assumed for the formation of the iso- 
cyanic acid ester 


I 
[R-CO—NCI]’K* = R—CON<+K:+CYI, 


215 G. SCHROETER, Ber., 42 (1909) 2341, 3359; 44 (1911) 1201; 63 (1930) 1308. The 
last-mentioned paper also treats of other types of oxime rearrangements, such as do 
not lead to acid amides; the further relevant literature will be found there. 

216 S Gérzky, Ber., 64 (1931) 1555, 1559- 

217 G, SCHROETER, Ber., 44 (1911) 1209. 

218 See on this subject also P. NEBER, Amn., 493 (1932) 284 (footnote 2). 
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478 
must be replaced for the BECKMANN rearrangement by the equation : 
I 
R,CCI-NHOAc = R,CCI—N< + HO-Ac 
R Cl R Gl 
ie] Bye ot UE Te ee Gans 
Ryne Ney R~ \N< 
“OAc 
If, however, we write instead: 
z 
R,C—NHCI PRYG=NCTR R,C—N< 
= H = | + He EGY, 
OAc Lt OAR OAc 


the analogy comes clearly to the fore. MONTAGNE *!° has called attention 
to a greater difficulty. In the BECKMANN rearrangement, as already mentioned 
above, several products of rearrangement are frequently formed from stereo- 
isomeric oximes. In the hypothetical hydrogen chloride addition compound, 
the decisive factor for this oxime isomerism, the double bond has however 
disappeared; it would therefore be impossible to understand why, if an 
addition of hydrogen chloride be assumed as an intermediate step, or how, 
various reaction products can be formed from stereo-isomeric oximes. In 
order to counter this objection, it is necessary, following SCHROETER ?*°, to 
introduce the auxiliary hypothesis, which cannot for the time being be 
disregarded, that the intramolecular splitting out of the elements of water 
on the nitrogen atom and the rearrangement of the radical occurs more 
rapidly than does the transition into one another of the addition products, 
which must at first also be regarded as stereo-isomeric, of the stereo-isomeric 
oximes, by a rotation about the C—N—axis: 


C) 
| 
R,—C—R, R,—C—R, 
| —e | 
N N. 
“OH H~ “OH 
NY rotation about the C-N-axis. 
Cl 
| 
R,—C—R, R,—C—R, 
I —_? | 
N N. 
FOL st (apes s 


From the examples given 1 it is clear how, based upon the formulas, 


219 P. MoNnTAGNE, Ber., 43 (1910) 2014. 

*20 G, SCHROETER, Ber., 44 (1911) 1201. 

*#1 The hypothesis of intermediary ring-closure, which corresponds to the tricyclene 
hypothesis, has also been introduced in an attempt to interpret the BECKMANN rear- 
rangement. O. WaLLacu, Ann., 346 (1906) 273. It may however be regarded as having 
been disproved by the investigations of P. MonTAGNE, Rec. Trav. Chim., 24 (1905) 105; 
25 (1906) 376, 413. See furthermore H. WIELAND’s work, Ber., 40 (1907) 1667; 42 (1909) 
803, 816, 4207, on the nitrile-oxide hypothesis. 
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one can really always, if one wishes *, help oneself by means of hypotheses, 
and that the refutation of such hypotheses is frequently quite difficult,—in 
other words, that it is relatively easy to find seemingly satisfactory hypo- 
theses which can however be neither proved nor disproved. 

Depending then on whatever hypothesis one chooses to “‘explain”’ a 
certain process, one emphasizes analogies to the one or the other of to a 
certain extent similar reactions. In the final anlysis then one moves all 
the time in the same trend and range of thought and ideas as did LIEBIG 
and Dumas in their arguments and controversy as to the formula of ethyl 
chloride. Formal analogies with ammonia were emphasized by the formulas 
of the etherin theory: formal—but also only formal—analogies to the metal 
salts and the bases were emphasized by the formulas of the radical theory. 
One should therefore not look upon the establishment of these formal 
analogies as constituting much progress toward a real understanding of the 
actual processes. While these analogies may help to support one’s memory, 
they are not yet theories, for theories should do more than merely to aid 
memory. Nevertheless analogies that seem at first sight merely formal may 
lead to the discovery of important relationships, since they do incite to the 
carrying out of a series of systematic experiments. 

If we translate the structural formulas into the language of the electron 
theory of valence, and consider the participation and function of the bonding 
electrons, we do get a little farther also in the case of the Beckmann rearrange- 
ment. Experiments have been made in order to clarify the problems that 
then arise, and their results have actually led on further toward clari- 
fication. It was already known that the compounds of the strong sulfonic 
acids with the oximes undergo spontaneous rearrangement with extra- 
ordinary ease, and that they cannot be prepared in alkaline solution; for 
in their stead one then always obtains the corresponding acid amides 
formed by BECKMANN rearrangement. On the other hand the compounds 
of the oximes with weak organic acids are quite completely stable, and 
undergo rearrangement only under the influence of hydrochloric acid. From 
this it appears as if the electron-affinity of the acid radical were the decisive 


222 Thus, for example, one might try to evade the last-mentioned difficulties by the 
following scheme: 





R ‘eo 7 R Ce — ad ini 'e a 
*; HOOC-CH, | *) | OAc —> CL ANe iA Gh aS 
| 
NCD treet) kghNGLel | Nz] 
rHOR ye RC+OAc RC—OH 
—»- | | OAc —> I —_> | 
oN) Ee | -NR -NR 
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factor for the occurrence of the rearrangement reaction st and the question 
arises how great may be the electron-affinity of the acid radical without 
a BECKMANN rearrangement taking place. A. W. CHAPMAN 224 therefore for 
this purpose investigated the picrates of the oximes. Unlike the sulfonates, 
these picrates could be prepared conveniently, but did undergo the BEER 
MANN rearrangement in a violent reaction when heated to about 100° C. 
It was found furthermore that the velocity of the rearrangement depended 
on the solvent used; the velocity is the greater the greater is the dielectric 
constant of the solvent **°. For the same reasons as in the case of the pina- 
colin and the retro-pinacolin rearrangements these observations lead us to 
choose a formulation in which an ion appears as an intermediate step: 





C,H,—C= GH, C,H,SO,0- 4+ C,H,—C—CH, 
| — | > 
N—OSO,C,H; N+ 

rit nh th SR ES a 
C,H;—N ~” - CgH;—N 


We find here an analogy with the HOFMANN reaction to the extent that 
here as there a nitrogen atom is surrounded by a sextet of electrons, and 
that the tendency of this sextet to fill up to an octet causes the migration 
of one of the radicals attached to the carbon atom along with its two 
bonding electrons. 

It is however no more proper in this case than it was there to ascribe 
to the migrating anion an independent existence. Furthermore, the positive 
ion with the electron-sextet-bearing nitrogen atom has no capacity for an 
independent existence as such. If this independent existence were possible, 
it would be understandable that the rearrangement of the stereo-isomeric 
oximes does lead to different substances, for in the positive ion the substi- 
tuent whose different position in space is the cause of the stereo-isomerism 
has disappeared. As a result we come to realize that the splitting up of the 
process of the rearrangement reaction into separate steps has been carried too 


*88 This conjecture was first expressed by C:H.Stuiter, Rec. Trav. Chim., 2 (1905) 
372; and found its first experimental support from the work of M. KUHARA: On the Beck- 
mann Rearrangement, Imp. Univ. of Kyoto, Tokio, 1926, in the laboratory of SHIGERU 
KOMATSU. 

#24 A. W. Cuapman, J. Chem. Soc., (1933) 806; (1934) 1550; A. W. CHAPMAN and 
FP. A. Fipcer, J. Chem. Soc., (1936) 448. 

*8° Benzophenone-oxime hydrochloride can be brought to undergo rearrangement 
by means of hydrogen chloride in ethylene dichloride solution. The not quite simple 
course of the reaction does however fit into the framework of the reaction as given 


here. A. W. CHapman, J. Chem. Soc., (1935) 1223. See in this connection also D. E. 
PEARSON and F. Batt, J. Org. Chem., 14 (1949) 118. 
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far. While it does permit of a very convenient pictorial and schematic 
representation of the behavior of the electrons in the individual bonds 
during the rearrangement process, it does not in reality tell us as much as 
it seems to do at first glance. It is probable that the course of the rearrange- 
ment can best be described as follows. 

The oxime is converted by means of the rearrangement-inducing reagent 
into a compound containing a strongly polar bond, tending readily to 
ionize, on the nitrogen atom. Compounds of this type can indeed be isolated 
rather easily with picric acid; less easily with sulfonic acid. In these 
compounds the polarity may be increased by intramolecular vibration- 
oscillations, or by strongly polar solvents, or finally, by substances tending 
to form complex compounds (See pp. 419-420), among which is phosphorus 
pentachloride. As a result the acid radical, including both the two bonding 
electrons, is drawn away from the nitrogen atom. To the same extent to 
which this occurs, the anti-placed radical, along with its bonding electrons 
on the carbon atom, also becomes loosened, and is drawn over with them 
to the nitrogen atom. At the same or approximately the same time that 
the separation of the anion from the nitrogen becomes complete, that of 
the radical from the carbon atom also becomes complete, and its new 
bonding to the nitrogen is effected. In its place the anion either goes to the 
carbon atom, from which it is soon hydrolyzed off in an irreversible reaction, 
or, as was formulated above, a molecule of water immediately reacts to 
yield a tautomeric form of the substituted amide ***. 

It does of course seem possible that such a continuity of the process does 
not always occur. An indication of a discontinuous course of reaction 
involving the intermediate formation of an ion is furnished by the obser- 
vation that a Beckmann rearrangement occurs in the reaction of hydrazones 
with nitrous acid 227. In concentrated sulfuric acid, benzophenone-hydrazone 
reacts with nitrous acid almost quantitatively to give benzanilide. If we 
assume that the elimination of the NH,-group of the hydrazone takes 
place here in the same way as otherwise in the reaction between amines 
and nitrous acid (This Text, p. 459), we have the following course of 
reaction: 


226 In its fundamentals this conception of the rearrangement, to which A. W. CHAP- 
MAN and M. Kuuwara have both come recently, was expressed, though in other terms, 
already by H. Bitz, J. MEISENHEIMER and P. Ramart-Lucas: H. Bittzand R. Ros, 
Ber., 54 (1921) 2441; J. MEISENHEIMER, Ber., 54 (1921) 3206; P. Ramart-Lucas, Compt. 
Rend., 185 (1927) 561, 718; compare also H. BUCHERER, Lehrbuch d. Farbenchemie, 
1914, p. 202. Pictorial schemes intended to make comprehensible simultaneously the 
migration of the radicals in the trans-position have been developed recently by W. H. 
Mitts, British Assoc. Report, 1932; Nature, 130 (1932) 567. 

227 J). E. Pearson and C. M. Greer, J. Am. Chem. Soc., 71 (1949) 1895. 
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en: Pea ome oN oT: CgHy—C—CoHs 


| + HNO, — ( 


N—NH, N—N=NOH 
1g Pel gS Op 068 eS a to 
-HASO, mays "ae Sty ew iy 4 BSG] 
ae ere N—N=N|HSO, N+ 
CH, =or Otte eee i care 
ed |! + H,O| — | = 
N—C,H,; : ; N—C,H; H—N—C,H; . 


In this reaction-course it would be necessary to assume the formation of 
the ion as an intermediate step 228; the intermediate formation of the oxime 
would be evaded. 

It is probable that the so-called BECKMANN rearrangement of the second 
type also proceeds by way of the ion, and not continuously. This type of 
rearrangement, which has been observed in the oximes of the bicyclic 
terpenes, leads not to an acid amide, but rather, under ring-fission, to an 
unsaturated nitrile, as in the case of camphor-oxime to campholenic acid 
nitrile: 














H H H 
mc. CH, He CH, HC "CH 
H,C—C—CH, => hb -tasCs on 1H,C—C—CH, 
H.C _C=NOH HC C=N+ HC C=N 
hee She Noe Be 
CH, HO=-SO,-O-:. GH, CH, 


The dissolution and the shifting of the bonds, as well as the splitting off of 
a proton by the sulfuric acid ion, HSO,’, are implied in the intermediate 
step. The reason that a normal Beckmann rearrangement,—such as yields 
the 7-membered ¢-caprolactam from cyclohexanone-oxime,—does not occur 
must probably be sought for in the ring-strain and in the quaternary carbon 
atom at the bridge-head. The loosening and splitting off of the electron-pair, 
that links the latter bridge-head to the C=N*-group, is facilitated so much 
thereby that the bonds simply flip over before a migration of the quaternary 
carbon atom can occur. If this latter occurred the bonding to the C=N*- 


*8 It is possible that the difference in the proportion of the two conceivable isomeric 
acid amides that may be formed from the aliphatic ketoximes varies as a function of 
the experimental conditions, —as observed by A, D. MCLAREN and R. E. SCHACHAT, 
J. Org. Chem., 14 (1949) 254,—due to the fact that the reactions do in part go by way 
of the independent ion. In this respect it is necessary of course to remark that the 


stability of the configuration is quite small in the case of the oximes of the aliphatic 
and the alicyclic ketones, 


v BECKMANN REARRANGEMENT 483 


group would have to be dissolved in just the opposite manner, with the 
electron-pair remaining on the quaternary carbon atom. 

In view of the, especially formerly, very unsatisfactory state of our 
knowledge of the course of rearrangement-reactions, it must really occasion 
considerable surprise that such far-reaching conclusions as to the spatial 
structure and configuration of the stereo-isomeric oximes have been drawn 
on the basis of the supposed course of the last-named BECKMANN rearrange- 
ments. In doing this it was assumed *° that the spatially neighboring groups 
simply exchange their places; accordingly for example, since acetophenone 
oxime, which is known to exist in only one form, yields acetanilide on re- 
arrangement, the phenyl and the hydroxyl groups must be relatively in the 
syn-position : 

C,H,—C—CH, HO—C—CH, O=C—CH, 


| Tl <a. | = l 
HO—N C,H;—N C,H,—NH 


The investigations of MEISENHEIMER *°, who succeeded in proving 
definitely the configurations of a number of oximes, showed clearly, 
however, the untenability of this conception. As far as experience available 
to date goes 731, the end-effect is rather an inter-exchange of groups origin- 
ally in the anti-positions relative to one another, and corresponding to this 
fact, the acetophenone oxime, for the configuration of which evidence by 
other means has not been obtained, must be assigned a formula with the 
methyl and the hydroxy] in the syn-position, or the phenyl and the hydroxyl 
in the anti-position: 


et -c—-cH, 
| 
N—OH. 


This exchange of groups in the anti-positions can not be foreseen out of 
the usual formula-picture, if, as usual, this is to be interpreted in accordance 
with the principle of an intramolecular reaction of spatially neighboring 


229 A Hantzscu, Ber., 24 (1891) 22. 

230 J. MEISENHEIMER, Ber., 54 (1921) 3206; Amn., 446 (1926) 205; compare also 
E. P. Kouter, J. Am. Chem. Soc., 46 (1924) 1733. 

231 Whether we are here dealing with a general law is, in view of the still rather 
limited experimental material on which the configurations of the oximes have been 
definitely established, still questionable. In any event, for the time being we have an 
empirically established rule and regularity. In the use ofthis rule for the purpose ofestab- 
lishing a configuration, the same caution must be exercised as in the use of addition 
reactions to the double bond, or of substitution reactions on a center of asymmetry 
(See Chapter VII). Compare most recently K. v. AUWERS and M. SEYFRIED, Ann., 484 
(1930) 178, especially on p. 199. In connection with this work see also the paper of 


A. H. Buiattrand J. F. Stone Jr., J. Am. Chem. Soc., 53 (1931) 1133, 4134: 
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groups as a special case of the principle of least possible structural change Bi 
Therefore the need has been felt to represent the exchange pictorially 3 
These pictures are intended to present the whole process in a continuous 
manner, and to a certain extent kaleidoscopically. But these pictures as 
such are not subject to any direct verification or refutation, and only the 
final conclusion derived from them can be compared with the experimental 
results. But even if we find agreement here, it proves nothing as to the 
correctness of the picture as a whole, for it is often possible to construct 
various types of “‘brain-storm’’ mechanisms to yield the same end-results. 
So long as there is no possibility of penetrating into the special peculiarities 
of such mechanisms, these have only the one oft-times dubious value of 
being a means for visualizing the chemical process, a dubious advantage 
because by it one is often inclined to be misled as to one’s own lack of 
knowledge. 

In the case of the BECKMANN rearrangement such pictures received a 
more or less definite experimental support only many years after they had 
been proposed, and only then was it completely clear as to where the limits 
of their usefulness lay. A similar thing happened with the pictures formerly 
used for the spatial course of substitution reactions. This subject matter 
will be discussed again in Chapter VII in connection with the WALDEN 
Inversion. 


(vt) QUINOL REARRANGEMENTS 


A very important rearrangement is the isomerization of phenyl-hydroxyl- 
amine to p-aminophenol, 


H 
HX Ne ays HO —NH, 
OH 


This takes place in acid solution, best in sulfuric acid 234, If the para- 
position is already occupied, as in the case of p-tolyl-hydroxylamine, then 
a second rearrangement, consisting in the migration of the para-substituent 
into a neighboring meta-position, is, or may be, super-imposed upon the 
one above. In the case of p-tolyl-hydroxylamine we obtain two end-products 
of this double rearrangement. The principal product is 1-methyl-2,5-dihy- 


*32 A. Hantzscu, Ber., 24 (1891) 24, erroneously holds,—contrary to the later more 
critical views of A. WERNER (See his Lehrbuch dey Stereochemie (Textbook on Stereo- 
chemistry) ,—this law to be one of the fundamental laws of stereochemistry. 

*38 For example: H. BucHERER, Lehrbuch der Farbenchemie (Textbook of Dyestuff 
Chemistry), p. 202 (1914); H. Birtz and R. Rost, Ber., 54 (1921) 2441; E. BECKMANN 
and E. Correns, Ber., 55 (1922) 851. See also This Text, p. 480, footnote 223. 

*84 For a comprehensive review see E. BAMBERGER, Ber., 33 (1900) 3600, subse- 
quently referred to in this section as “‘loc. cit.’’ 
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droxy-benzene, 7.e. a substituted hydroquinone, formed by replacement of 
the amino group by hydroxyl; the second product, formed in only small 
amounts, is I-methyl-2-hydroxy-5-aminobenzene: 

H,C 


HO >—OH 
One 
™ HO NEY. 


As evidence for the actual migration of the methyl group in this case, rather 
than of the simultaneous migration in common of the other two groups, 
may be cited the behavior of m-xylyl-hydroxylamine, the methyl groups of 
which, after rearrangement has taken place, are in para-positions with 
respect to one another. 


NHOH NH,(OH) 


Ts irw Ghy- 


CH, OH 
But under some circumstances it is also possible that the positions of the 
methyl groups remain unaltered; thus in the presence of alcoholic (methyl 
or ethyl) sulfuric acid, m-xylyl-hydroxylamine is converted into m-xylo- 
orcinol-dimethyl (diethyl)ether, in which the methyl groups occupy the 
relative meta-positions, just as in the initial substance: 





oi CH, i 
C,H,O— anes : ra HyC— 
—CH, H,SO, xe —CH, —CH, . 
OC,H; NOH OH 


The para-halogen-substituted phenylhydroxylamines, when treated with 
acid, yield o-amino-phenols, as for example: 


BO, ,* 
Gio. Pe HOR CHK NH 


= 
OH 
BAMBERGER, the discoverer of this type of rearrangements *”, taught 
us to consider all of them from a single uniform point of view, by assuming 


235 E, BAMBERGER, /oc. cit., p. 3601. 
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an intermediate product of non-aromatic structure, the parent substance of 
which he designated a guinol 86. While he was not able to isolate quinol 297, 285, 


HO == 
Oe. 
Wy’ = 
itself, he did succeed in obtaining some alkylated quinols from the rearrange- 


ment of para-substituted aromatic hydroxylamines. He considered their 
formation to ensue as a consequence of the hydrolysis of the first-formed 


imino-quinols: 


HO HO b HOgi aes 
HC >—NHOH ee Kase — ee) 
a H,C H,C ee 


If we disregard for the time being the question as to how the iminoquinol 
may be formed from the hydroxylamine, then the second step of the rear- 
rangement, which may consist in the transformation of the iminoquinol into 
the para-amino-phenol or the substituted hydroquinone, may be represented 
as follows: 

The formation of the several reaction products that have been observed, 
in relative proportions which vary with the constitution of the substance 
undergoing rearrangement, is the consequence of various possibilities for 
the rearrangement of the iminoquinol, all of which run side by side as 
concurrent reactions. If, as in the simplest case of the rearrangement of 
phenylhydroxylamine, and of other hydroxylamines with a free para- 
position, the intermediate product is a secondary iminoquinol, then the 
velocity of its rearrangement is so great that it cannot be isolated, and in its 
place only the isomeric para-amino-phenol is actually found. In this case 
indeed it is only necessary that a hydrogen atom, or more precisely, a 
proton, migrate, in order that under simultaneous aromatization of the 
six-membered ring, the amino-phenol be formed: 


Hoc 
i” Dain HO-< S—NH,. 
ies ees) 


If on the other hand the para-position is already occupied, then the first 
product formed is a tertiary iminoquinol; this substance is more stable 


#36 E, BAMBERGER, Ber., 27 (1894) 1552; 31 (1898) 1500. 

*87 E. BAMBERGER, Ber., 33 (1900) 3606. 

*88 The class of compounds known as the quinols was discovered by Tu. ZINCKE, 
who obtained the first quinol by oxidation of tetra-chloro-p-cresol with nitric acid. Ber., 
28 (1895) 3121. For the history of the discoveries see in particular Jbid., 34 (1901) 253. 
The details of a rearrangement are described on p. 255. Furthermore, K. von AUWERS 
has published some fundamental papers on quinols, especially, Ber., 35 (1902) 443, 
including a compilation of such reactions. ; 
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because the aromatic state can be formed only when either the alkyl group 
or the hydroxyl group leaves its position, and this, as is well known, takes 
place in general with much more difficulty than does the migration of a 
proton. Thus it comes about that the hydrolysis of the iminoquinol prepon- 
derates over the rearrangement reaction, and the tertiary quinol can be 
isolated: 


H,O HO 
a —— x =O +NH,. Main reaction, 
H,C quickly HC 


wae Ho-< S—NH, Side reaction. 


H,C 





The tertiary quinol then rearranges slowly in the same way as does the 
tertiary iminoquinol; in place, however, of the thereby formed amino- 
phenol, the migration of an alkyl group leads to the formation of the hydro- 
quinone: 

HO 


a0 = s spe 
H,C~ = — 


Under suitable experimental conditions, and using alcoholic sulfuric acid, 
the migration of the alkyl may be replaced by a migration of the hydroxyl 
group, which is then simultaneously etherified or esterified 739. 

The reaction-courses here described may, as the result of the work of 
BAMBERGER, who considered them from exactly the point of view as 
described here, be regarded as experimentally thoroughly firmly established. 
The two true rearrangement-reactions, the transition of hydroxylamine 
into iminoquinol, and the alkyl migration, are today looked upon differ- 
ently than was the case in BAMBERGER’s day. BAMBERGER believed that 
he could best explain the first of these two steps by the assumption of the 
splitting off of water on the hydroxylamine nitrogen; this would produce 
an unstable radical with univalent nitrogen, which would then rearrange 
into the iminoquinol: 


. HO = 
Vm. 7H eet tC) fo ~ I body, 
abe’ 2 pee eee —NH. 
a REG, ae ae a 
It was perfectly clear to BAMBERGER, however, that the assumption of 
this radical was not proved or even indicated by any experiment, and that 
it was further not absolutely necessary 74°. Today we can assert for good 


239 &. BAMBERGER, loc. cit., p. 3604, X; 3610, 8. 
240 —. BAMBERGER, loc. cit., p. 3606, footnote. 
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reasons that the BAMBERGER hypothesis is at the least improbable ™?, 
and that no analogies exist between the rearrangements of the hydroxyl- 
amines and those rearrangements in which one has good reasons for assuming 
a hypothetical radical with univalent nitrogen as an intermediate step. 
In the case of the second rearrangement reaction BAMBERGER confined 
himself to only a reference to other reactions in which alkyl migrations 
have been observed *4?. 

Today the theoretical relations are more clear than they were then. In 
place of the neutral radicals, with abnormal valence of the nitrogen, which 
BAMBERGER had formulated, it is now necessary to assume only the forma- 
tion of an zon as an intermediate step, in order to achieve an illuminating 
explanation of the processes. While this new hypothesis is, as regards details, 
just as little supported experimentally as was that of BAMBERGER, it could 
nevertheless possess a high degree of probability. 

Phenylhydroxylamine, when treated with strong acids, yields salts, in 
accordance with the equation: 


LH i ED wig 
es Ps) + H,SO,, tare | ChB NEE SO aes 
NOH ‘dl “OH. 


The positive ton, not the unchanged molecule of phenylhydroxylamine, 
now splits off water, and forms an ion with an electron-sextet on the 
nitrogen 743; 

[C,H;—NH]* [HSO,]-. 


This may also be conceived of as formed by ionization of phenylhydroxyl- 
amine sulfuric acid, 


H 244 
es pees see 
“SOSO,H 


This ion is mesomeric with a cation of iminoquinolic structure: 


¢ Neat ance "\c€”=NH 
—— ihe *. oh a, ee 


N with electron sextet. C with electron sextet 


i, The reaction takes place in dilute sulfuric acid solution, and it is, among other 
things, improbable that this dilute sulfuric acid exerts any dehydrating action. For 
the care which it is necessary to observe when one wishes to formulate reactions with 
radicals as intermediate stages, see This Text, Chapter X. 

242 FE. BAMBERGER, loc. cit., p. 3618, footnote. 

: *48 That would then be the ion corresponding to BAMBERGER’S phenylnitrogen 
CeH;—NI< and produced theretrom by addition of a proton. ane 
*44 Compare also E. BAMBERGER, loc. cit., Pp. 3611, formula IT. 
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From this is formed, by addition of water or of alcohol,—that is of a 
molecule of the solvent,—and the splitting out of a proton, the iminoquinol, 
or its ether, respectively: 


ee ey [ORY grag . 
sg 
¢ —NH ie Se ee Ht 
ar > HO~\_’ te ELE 
| ONg 
and 
H ar [* H Vim 
~ 
C ee Nl # dhe © —NH + Ht. 245 
— | amc Paad OF) = 8 gig 
“O° 
iG? SH ¥ | 


The rearrangement to the iminoquinol seems by this explanation to have 
been moved into closer analogy with other rearrangement reactions in 
which a mesomerism of a cation or the rearrangement of an anion must be 
assumed, and in which one atom has one electron pair less than demanded 
by the octet theory. 

The second stage of the quinol rearrangement, the alkyl migration in 
tertiary quinols, can up to the present be really only circumscribed graphic- 
ally, in the same way as is true for, for example, the pinacolin rearrangement. 
There exists a tendency to form an aromatic nucleus, and this can take 
place only when the alkyl or the hydroxyl group leaves its position; in the 
first case we make use of the following picture: 


H,C~~C—=CH~ 4 
SS 


This picture illustrates the migration of a hydrogen atom and the exchange 
of position of the alkyl. 

Closely related to the quinol rearrangement here described appears to 
be also the dienone-phenol rearrangement that can be brought about by 
means of sulfuric acid 24*, This may also be considered as related to the 
pinacolin rearrangement, providing we assume the migration of alkyl to 
be that of a cation 24"; 


245 Compare E. BAMBERGER, loc. cit., p. 3612, footnote. 
246 K, von Auwers and K. ZIEGLER, Ann., 425 (1921) 217. : 
247 R. T. ARNOLD, J. S. BuckLeEy Jr., and Joun Ricuter, J. Am. Chem, Soc., 09 


(1947) 2322. 
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lel [= | 
R’ re neg | | 3 ees + 
ii HO 
ie Or Oe a a 
H R’ 
, ! 
| R “+ a | 


> | HO-~ > | > HO-< >= + I. 


The aromatization of santonin to desmotropo-santonin, as effected by 
concentrated hydrochloric acid 74%, 


CH,.O—=-G=0 CH, O——C=0 


O- Ay baulat vic =a Ho /) by Mate 
ko é 
CH 


CH, 


3 


also falls readily into this category. 

The transformation of the aromatic into the quinoid type of bonding, 
and the converse, both of which are of decisive significance in the quinol 
rearrangement, also plays a role in other reactions to which the quinol 
rearrangement seems to be to a certain extent related. The salicylic acid 
synthesis has already been mentioned. In this the phenolate ion can react 
in the sense of either the ortho- or the para-quinolide formulas (p. 372). 
The REIMER-TIEMANN synthesis of the hydroxy-aldehydes from phenolates 
and chloroform has likewise been mentioned as belonging to this type 
(p. 369, footnote 288). The chlorine-containing intermediate steps first formed 
in this synthesis, and which can be isolated in the transformation of ortho- 
and p-cresol, are of quinolide bonding structure type, as for example: 


~— = H 
See O= bg C-. -- Cl— CHCl], —>+.O <li Ors 


CHCl, 


Furthermore, an anion of quinolide Structure must be assumed as an 
intermediate step in the case of some reactions of triphenylmethyl sodium 
(p. 236). Finally a few anomalously running reactions of benzyl magnesium 
chloride must also be mentioned as related to this type. This substance 


248 A. ANDREOCCI, Gazz. Chim. Ital., 23 (1893) 496; G. R. Clemo, R. D. HaworrtH 
and E. Watton, J. Chem. Soc., (1930) I110, 2579. With acetic anhydride and a trace 
of sulfuric acid four stereo-isomers are formed. These can (all) be rearranged into one 
another; two have a cis-, the other two a tvans-lactone ring. The tvans-ring can be 


opened readily. See G. R. CLEmo, J. Chem. Soc. London, (1934) 1343; also HuaNG- 
MINLon, J. Am. Chem. Soc., 70 (1948) 611. 
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reacts with carbon dioxide to form phenylacetic acid ; while with formalde- 
hyde on the other hand the product is o-methyl-benzyl alcohol’. The 
formation of the latter can be explained only by means of a quinolide form 
of the benzyl magnesium chloride. 


JW /Fi—©00H Che -Mgtl 2 'YCH; 
Cy CO, — r aM CH,O 
\ a Noe eMpel soot 
CH CH 
Om a Ge 
H —_—— 
\ aes \ CH,OH, 
OH 


probably by way of the mesomeric ion, 


y, Cis y, pols 
<_— co“ 
\ eae 


From a comparison of the reaction-processes here described and pictured 
it follows clearly how close a relationship may exist between intramolecular 
rearrangements and mesomerism. 


(vii) FURTHER INTRAMOLECULAR REARRANGEMENTS 


While the rearrangements here discussed in detail are likewise those that 
have been investigated most thoroughly, they by no means exhaust the 
multiplicity and variability of rearrangement reactions. It would however 
lead us too far to enumerate all known rearrangements, the more so as 
the logical procedures used to interpret them are closely related to those 
used above, and because, furthermore, most of them, because of insufficient 
experimental foundations, still offer much that is problematical. 

In so far as the chemical mechanisms of these reactions can be related 
to the general problems of the course of chemical reactions, some of them 
will still be dealt with in more detail in Chapter X (See pp. 730 etc.). 
Beyond this a brief, but by no means exhaustive, resumé of some important 
rearrangement-reactions may suffice at this time. 

(1) The Benzidine Rearrangement is undergone 250 by hydrazobenzene 


249 }{. GirmaN and J. E. Kirsy, /. Am. Chem. Soc., 54 (1932) 2072. 

250 For a comprehensive compilation and survey of numerous observations on the 
benzidine rearrangement see: P. JACOBSON, Anmn., 428 (1922) 76. For later work on 
the benzidine rearrangement see « A. Poncratz and H. WtstNEr, Ber., 73 (1940) 423; 
A. PonGRatz and K. Scuotis, Ber., 75 (1942) 138 (on hydrazobenzene +CH,I). 
These however add nothing to our knowledge of the course of reaction. 
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under the influenze of acids; the product formed is #,f’-diamino-diphenyl = 
benzidine *°?: 


Yak 


<< >NH-NH-< > bist HN >< Nth. 


In case one para-position in hydrazobenzene is occupied, the substance 
undergoes the semtdine rearrangement, which leads to substituted amino- 
diphenyl amines ?>?: 


RC -NHONH-< > ax R< NH 


i NH, 
NH-< > p-Semidine. 


o-Semidine 


Preponderating evidence indicates that during the reaction no inde- 
pendent fission or dissociation products or radicals are formed 253. 

If however the para-position is already occupied by COOH or SO.H: 
then these groups will, unlike chlorine, be expelled, though the semidine 
rearrangement will nevertheless still take place in the ortho-position. 

(2) Fischer Indole Synthesis. A reaction related to the benzidine re- 


51 Alongside of this a little 0,p’-diamino-diphenyl is also formed (““diphenyline’’). 

262 Some substituted 0,p’-diamino-dipheny] is also formed. 

*°8 C. K. INGoLp and H. V. Kipp, J. Chem. Soc., (1933) 984. For the case of the 
unsymmetrical, carboxylated, benzidines see: G. J. Brornx and K. H. Pausacker, 
J. Chem. Soc. London, (1950) 950; for the case of an unsymmetrical, 14C-labeled 
benzidine see :G. W. WHELANDand J.R.Scuwarzz, J. Chem. Phys., 17(1949) 425. The non- 
occurrence of free radicals as intermediate products in the benzidine rearrangement has 
been proved by the experiment of H. WIELAND on the dissociation of tetraphenyl- 
hydrazine into radicals (See p. 195). He found no trace of N,N’-diphenylbenzidine, 
H. WIELAND, Die Hydrazine, Pp. 54 (in the series Chemie in Einzeldarstellungen, Vol. 5, 
Stuttgart, Enke (1913)); also Ber., 48 (1915) 1100. For the electron theory of the ben- 
zidine rearrangement, see: R. Ropinson, J. Chem. Soc. (1941) 220; compare also E. D. 
HuGues and C. K. Incorp, J. Chem. Soc., (1941) 608 and also Ibid., (1950) 1638. D. Lt. 
Hammick and S. F. Mason (J. Chem. Soc., (1946) 638, also Ibid., (1949) 1939), carry 
out the stereochemical discussion on the spatial approach of the para-positions, as well 
as the considerations on the weakening of the N-N-bond in Salt-formation and meso- 
merism, in greater detail. Furthermore, G.S. HammMonp and H. J. Suna, J. Am. Chem. 
Scoc., 72 (1950) 220, assume, on the basis of the kinetics, the formation of the doubly 


+ + 
positive ion R—NH,—NH,—R as an intermediate step. In this the N—N-bond is 


strongly weakened by the presence of the positive charge on the neighboring N-atoms. 
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arrangement probably occurs in the synthesis of substituted indoles, as 


discovered by Emit FIscHErR **4; here too a hydrazine derivative undergoes 
rearrangement. 


Hicw;cH 
aes 
Vie C heated te eal 8. CH 
oy aa rae ora m 
Oa ee ¥ a with ZnCl, Noe Pistia 
H H 
Acetone-phenylhydrazone a-Methyl-indole 
possibly as + 
follows: 258 ie 


analogous to the - 


Ae 
ci “f 2 ; eee OX \c—cH, 
\ fe 

H 


rearrangement V/\ NH 
N 2 
Hy 


(3) Tafel’s Rearrangement »". A very unique and peculiar rearrangement 
takes place when substituted acetoacetic esters are subjected to electrolytic 
reduction on lead or cadmium cathodes. We shall cite only a few examples. 
Ethyl acetoacetic ester is converted to n-hexane: 


CH,—CO—CH—CH,—CH, 
~>» -CH,;—CH,—CH,—CH,—CH,—CH, : 
COOC,H; 


Benzyl-acetoacetic ester yields 1-phenyl-n-pentane, and not, as was first 
assumed, with the carbon skeleton left intact, 2-benzyl-butane ”°*: 


CH,—CO—CH—CH,—C,H, 
30! OH CHY CH=CH y}-CH Cn, 
COOC,H; 
eH 
and not CH,—CH,—C—CH,—C,H, . 
CH, 


254 E, FiscHer and O. HEss, Ber., 17 (1884) 559; 19 (1886) 1563; E. FiscHEr, Amn. 
236 (1886) 116. 

255 The reaction also goes well with NiCl,. For descriptions of details of the method 
see: A. Korczynski and L. KrerzEK, Gazz. Chim. Ital., 55 (1925) 361; A. KORCZYNSKI, 
W. Brypowna and L. KierzeEk, Gazz. Chim. Ital., 56 (1926) 903. 

256 Compare G. M. Ropinson and R. ROBINSON, J. Chem. Soc., 113 (1918) 639; 
125 (1924) 827. This has been confirmed by C. F. H. ALLEN and C. V. Witson, J. Am. 
Chem. Soc., 65 (1943) 611. On the other hand, without any analogy, we have: 2,6- 
dichlorophenylhydrazone + 5,7-dichloro-indole, despite the substituent in the ortho- 
position. See R. B. Carvin and E. E. FisHER, J. Am. Chem. Soc., 70 (1948) 3421. 

257 J. Tare, Ber., 45 (1912) 437; H. STENZL and F. Ficuter, Helv. Chim. Acta, 17 
(1934) 669. a° 

258 J. TareL and H. Haut, Ber., 40 (1907) 3314; J. TAFEL and W. JURGENS, Ber., 
42 (1909) 2548. 
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Through the investigation of the hydrocarbon obtained from methyl- 
benzyl-acetoacetic ester, and which was found to be 6-methyl-n-amy]- 
benzene 29, it came to be recognized that, of the various conceivable 
possibilities of migration, the only one that comes in question is the migration 
of an acyl group according to the following scheme: 


CHe—co ome % cH,—co | 
Sak Se at reduced dpe art + 
‘e 28 ee > C—C—OC,H; —> 
CHa yee OCH; reduced 
C=& ————~ C,H;—CH,—CH—CH,—CH,—CH,. 
7 re —C,H,OH | 
C,H,—CH, OC,H; CH, 


This scheme as given by F. FICHTER is intended to represent only the 
migration of the groups, but not to describe in any detail the course or 
mechanism of the reaction itself. 

Very probably related to the TAFEL rearrangement is the ring-widening 
observed when cyclopentanone-carboxylic acid esters are reduced on lead 
cathodes to cyclohexanols 7°, 


é 
Bee C 
H.C C=O HC ae 
| ass +g “ pak 
oe A 
Hy 
25% yield 


om H. Stenzi and F. Ficuter, Helv. Chim. Acta, 20 (1937) 846. 
260 H. STENZL, F. FicutTEr and H, Arn, Helv, Chim. Acta, 19 (1936) 392. 


CHAPTER Vil 


STERIC REARRANGEMENTS AND THE 
WALDEN INVERSION 


(¢) GENERAL REMARKS 


The rearrangements discussed so far, reversible as well as practically 
irreversible, affect the structure of organic molecules; in these rearrangements 
the framework of the atoms linked together, as represented by the structural 
formula, is changed, in that certain relationships between the various 
individual atoms are broken and new ties are formed. The simple structural 
formula alone does not, however, yet exhaust the possibilities of describing 
the construction of a molecule. For as stereochemistry teaches us, beyond 
the differences in structure there are still finer differences in the spatial 
arrangement of molecules of identical structure, known as configuration, in 
such cases as when the molecules are asymmetric or contain multiple bonds. 
We must now consider for the problem of the determination of configuration 
the same questions as for the determination of structure, 1.e. in how far 
configuration remains intact during chemical transformations, and in how 
far the principle of least possible structural change in chemical reactions 
(so often valid in determinations of structure) is also valid and applicable 
to the determination of the arrangements of atoms in space. Naturally, 
of course, an answer to this question can be given only for transformations 
of substances in which the spatial arrangements of the atoms are marked 
in some way or other. That is the case in compounds containing one or 
more asymmetric atoms (or centers), as well as for the cis- and tvans-isomers 
of the ethylene (olefin) derivatives. In other cases one has no means of 
determining whether the spatial arrangement of the atoms has changed 
or remained the same during the course of a reaction, for even if an exchange 
of places by the substituents attached to a given carbon atom did occur, 
the transformation would still lead to the same substance which would 
have been formed even if no exchange of place had occurred. Thus, for 
example, one can not decide on the basis of the reactions of acetic acid 
whether the three hydrogen atoms and the carboxyl group attached to the 
single carbon atom have retained their original (relative) positions in space, 
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or have been interchanged. One cannot know, therefore, whether in acetyl 
chloride the group 

_cZ1 
is at the same corner of the carbon tetrahedron as is the group 


O 
Be ial 9 = 


in acetic acid, or at some other corner formerly occupied by one of the 
hydrogen atoms. 


ee ints be or ? Cc” 
H’ \cooH H” \cocl cl-c# Na 
O 
I a 


Just as little can one say whether in monochloracetic acid the newly 
introduced chlorine atom has entered a corner formerly occupied by one 
of the hydrogen atoms, or whether it has entered into the position formerly 
occupied by the carboxyl group, which has in the meantime found another 
corner position to occupy: 


H 


: _H Cl 


Daw 
Cc > ¢ 
HW’ \cooH HH” \cooH 
I 


or? oe 
HOOC” Na : 
II 

If the first named, Case I, no change of position, occurred, then the 
principle of the least possible change in structure could be carried over, 
and would also be applicable to problems involving determination of the 
configuration of compounds; if on the other hand the second possibility, 
Case II, with change of place, were the one that occurred, then the application 
of this principle would not be permissible. For the examples mentioned 
this question cannot be settled by means of experimental data since the 
reaction products I and II are in any event identical. This, however, is no 
longer the case if the carbon atom in question is asymmetric: 


e Pa | fe d 
ft —> G. 
In this case an exchange of places by two substituents would lead to 
the formation of a substance that could be looked upon not as a derivative 


of the initial material, but rather as a derivative of its optical antipode. 
If still further asymmetric atoms are present, an exchange of places during 
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reaction at any one center of asymmetry only would lead to the formation 
of a derivative of a diastereo-isomeric compound. 

The behavior of optically active substances, or more generally of dia- 
stereomeric compounds, can then serve as the key to the question of 
the extent to which the finer spatial arrangement of the atoms, 7.e. the 
configuration, remains unchanged during chemical reactions. In such a 
study it will be advantageous to distinguish from the beginning two groups 
of transformation reactions; namely such as seem, on the basis of the 
formulas of the initial and final products, to take place far removed from 
the center characteristic of the stereoisomerism, whether that be a center 
of asymmetry or a double bond, and secondly such as attack directly at 
this center of stereoisomerism.Among the reactions which must be considered 
as belonging to the second group are the substitutions occurring on the 
asymmetric carbon atom, as well as the addition reactions that can take 
place on a double bond. 


(ii) STABILITY OF THE SPATIAL ARRANGEMENT OF FOUR ATOMS ATTACHED 
TO ONE CARBON ATOM 


(a) Data of Observation 


In order to pass judgement on the question as to the extent to which the 
configuration remains unaltered during a reaction that takes place far 
removed from a center of asymmetry, it is before all necessary to know to 
what extent the spatial arrangement of the atoms in various compounds 
is stable with respect to thermal, optical, and catalytic influences. In 
considering this problem we must treat separately the stability of stereoiso- 
mers with asymmetric carbon atoms exerting four simple single valences, 
and the stability of stereoisomeric unsaturated compounds, for in the latter 
the carbon atom is present in a different state of bonding. 

As was already emphasized on pp.88—8g, the thermal stability of the spatial 
arrangement of the atoms on an asymmetric carbon atom is very different 
for different compounds. In numerous cases this stability is so great that a 
steric rearrangement,—i.e., a racemization in the case of optically active 
compounds, a transformation into diastereomers in the case of substances 
with more than one center of asymmetry,—cannot be brought about by 
raising the temperature, or in other cases by energetically acting reagents, 
such as strong acids and bases, unless along with the loss of activity further 
deep-seated changes in the structure of the whole molecule take place. Recently 
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the active d-3-methylhexane and d-iso-amyl alcohol 1 have been thoroughly 
investigated as to the stability of their spatial arrangements ; they do not 
racemize at temperatures at which initial decomposition already sets in 7 
These facts are contrary to earlier claims *, which were based on insufficient 
experimental data, from which, however, it seemed that steric rearrange- 
ments produced by increased temperature only, as well as by the addition 
of acids and bases, were a quite general phenomenon. . 

The d-3-methyl-hexane does of course racemize on longer treatment with 
strong concentrated sulfuric acid. During this racemization the hydrogen 
attached to the tertiary carbon atom undergoes an exchange reaction. 
Nevertheless, not every individual exchange leads to formation of the anti- 
pode, and hence, to racemization, for when heavy sulfuric acid, D,S0,, is 
used, the exchange H = D from the hydrocarbon to the acid, and converse- 
ly, takes place about fifteen times as rapidly as does the racemization, as 
may be deduced from the rate of enrichment of deuterium in the hydrocar- 
bon, and the rate of decrease of the optical rotation4. It should be noted here 
that an optically active 3-methyl-hexane with a heavy hydrogen on the 
asymmetric carbon atom, 

CH; - CH, - CD - CH, : CH, : CH3, shows the same optical rotation as the 
a, 

ordinary one, so that if replacement of H by D is accompanied by a change 

in the angle of rotation, this by itself already indicates a racemization. 

A critical review and examination of the data collected over a period 
of many years on the racemization phenomena and steric rearrangements 
shows clearly that the capacity for rearrangement is closely linked to the 
presence of quite definite and specific constitutional peculiarities of the 
atom-groups bound to the asymmetric carbon atom. This is shown by the 
already previously cited examples (p. 89) of camphoric acid and of menthone : 
compounds for which, even under energetic conditions, the rearrangement 
occurs on only one asymmetric carbon atom, in which by a so-called ‘‘partial 
racemization” diastereomers are produced: 


* Ct This Text p. srr. 

2 U. von WEBER, Z. physikal. Chem. (A); 179 (1937) 295. 

* Cf. for example Van ’r Horr, Orientation of the Atoms in Space, pp. 30 and 48 
of the 2nd edition. Also A, y. BaEYER, Ann., 245 (1888) 136. A. WERNER in his 
Neuere Anschauungen iiber anorganische Chemie (Newer Viewpoints in Inorganic 
Chemistry), p. 76, 4th edition, 1920, states; “It is known that all optically active 
compounds can be transformed into their inactive modifications’’, Compare also 
N. Kornsium and E. P. Oriveto on the non-racemization of 2-octyl nitrite during 
decomposition at 160° C., J. Am. Chem. Soc., 71 (1949) 226. 

*.R. L. BuRWELL and G. S. Gorpon III, J. Am. Chem. Soc., 7° (1948) 3128. 
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For camphoric acid 
pe 1x COOH 
é. 
et fi | jake earl ‘n ee 
H,C COOH H,C H 
rs ot eo a | COOH 
ee 
os eth nigh rant 
2|* 2|* 
CH, CH, 
but never either 
aH x ..COOH 
; Cc. 
ig Aree 
a Reds rl) tae 
H.C COOH H,C | bigs 
| CH,A6G=0H; or | CH=C-CHj 
HC | pit HC | CH, 
eee cate ie 
| * 
COOH COOH 
For menthone, 
oe a Giis eg 4H 
ves wi Ac a: 
Rrcer cris: es OM a CH, 
H,C C=O H,C C=O 
i 2 a Reet 
Ee SCH. C,H,’ ; “SH 


In the formulas above, a rearrangement has in both cases been assumed 
to have taken place on the carbon atom designated by 1*. The substituents 
attached to this carbon differ from those attached to the second center of 
asymmetry 2* in that they include both one carbonyl group as well as 
one hydrogen, as carboxyl in the case of the camphoric acid, and as keto- 
carbonyl in the case of menthone. The proof that it is just the asymmetry 


5 O, ASCHAN, Ann., 316 (1901) 227; here ASCHAN, unlike J. WALKER (J. Chem. 
Soc., 77 (1900) 395, with whose views, however, he later agreed on the basis of further 
experiments, (Aun., 387 (1912) 1), still considers the rearrangement as probably occur- 
ring on C*¥2. 

6 —, BECKMANN, Ann., 250 (1889) 334; E. BECKMANN and MEHRLANDER, Ann., 289 
(1896) 368; C. TuBanpT, Anmn., 339 (1905) 41. This is called an ‘inversion of 
menthone, since ordinary menthone rotates light to the left, while that which has 
been rearranged up to the equilibrium point rotates it to the vight. For the racemiza- 
tion of menthone in chlorbenzene solution see R. P. Bett and E. F.Carpin, J. Chem. 
Soc., (1938) 1861. 
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center designated as 1* can be brought rather easily in the case of menthone,— 


only in a round-about way in the case of camphoric CH, 

acid. In the case of menthone, the ring is oxidized at on 

carbon atom I by means of chromic acid; fission destroys 3 Pea aire, 

this center of asymmetry by formation of the so- *| | 2 

called “‘hydroxymenthylic acid”’. HC COOH 
If no change of configuration takes place at the sc) 

asymmetry center 2* during the “inversion” of the dr (en), 


laevorotatory tvans- to the dextrorotating c7s-menthone, 
then the acids resulting from the two menthones must both exhibit the 
same rotation. 

The fact that, as in the examples selected here at random, rearrangements 
occur especially easily at centers of asymmetry adjacent to carbon atoms 
attached to oxygen, already attracted the attention of VAN ’T Horr. For 
the rearrangement of menthone, BECKMANN’ has given an illuminating 
and well-founded explanation which makes understandable the difference 
in the behavior of the two centers of assymetry ®. The center of asymmetry 
adjacent to the carbonyl group first disappears due to enolization of the 
menthone. This enol form can be reconverted back to the keto-menthone 
in two different ways, i.e. either to reform the original trans-keto-menthone 
or to form the new c7s-keto-menthone. 


Os yee H,C. .H 


_OH <= lo 





—> 
= <= 
\, \4 | 
HY * | GHeGMar 
C,H, 3 7 
Tyvans-keto-menthone Enol-menthone Cis-keto-menthone. 


We may consider the circumstance that the rearrangement is accelerated 
by the same catalysts, H’ and OH’, as accelerate or favor enolization 9, 
and that, just as there, the hydroxylion catalyses considerably more strongly 
than does hydrogen ion, as an important support for this mechanism or 
chemism, in which the steric rearrangement can be interpreted in terms of 
keto-enol tautomerism. Furthermore, such ketones as camphor which, while 
possessing a carbonyl group, do not contain any hydrogen atom as a 


* E. BECKMANN, Amn., 250 (1889) 360, 366. P. Rabe has explained the mutarotation 
of the ketones derived from the quinine alkaloids in the same way, cf. Ann., 364 
(1909) 337. 

8 According to H. Leucus and J. Wurke (Ber., 46 (1913) 2425) the asymmetric 
rearrangement of the spiranes is to be interpreted on the basis of the same process. 

* The racemization-favoring influence of a whole series of solvents is in accord 
with this assumption: Tx. WAGNER-JAUREGG, Monatsh., 53—54 (1929) 8or. 
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substituent on the asymmetric carbon atom, so that enolization with elimi- 
nation of the center of asymmetry due to formation of the double bond is 
impossible, also fail to show this steric transformation. 

This hypothesis of the intermediary enolization in the course of steric 
transformations was extended by ASCHAN !®, and soon thereafter by MouR", 
to the changes in configuration that occur in carboxylic acids, such as 
camphoric acid. It is assumed that acid-enolates occur as intermediate 
products: 


O 
4 
R gut) OH Rule g 


Be os 
C=C —> Cg OH 
<— <— . 
Ree ee Ro OH Ro SET 
OH 


H R 
— 


A support for the occurrence as intermediate products in the steric re- 
arrangement of these at first hypothetical acid enolates was furnished by 
the preparation of the ester enolates ® 1 which must be regarded as 
derivatives of the acid enolates,—half salt, half ether,—as well as by the 
preparation of the salts of the methylene-carbonic acid derivatives, or 
ketenes, R,C=C(OK), #. That the formation of an ester enolate, followed 
by regeneration of the ester when cautiously acidified, will lead to the same 
steric rearrangement as does the rearrangement of an ester with sodium 
alcoholate as a catalyst (or the rearrangement of the corresponding acid 
by heating with hydrochloric acid), was shown by HtcKer and GoTH *, 
who found that the hexahydrophthalic acid ethyl ester undergoes the 
following rearrangement; 


OCH; 
COOC,H; : pro lel 
sufi ite POON sree iy. COOC,H, 
ee ‘ether Re ee 
COOC,H, COOC,H; COOC,H; 
Cis-Ester —————_——>-_ Ester enolate —————_> Trans-Ester. 


That the formation of an enol form leads to racemization, or in the case 
of diastereomers to a steric rearrangement, may hence be regarded not 
merely as a theoretically founded assumption, but rather as an experiment- 
ally proved fact. At the same time, however, it would be going too far 


10 O, ASCHAN, Ann., 387 (1912) 17. Compare also F. S. Kippine, J. Chem. Soc., 83 


(1903) 1009. 

11 —, Mone, J. prakt. Chem. (2), 85 (1912) 334. 

12 HH. ScHEIBLER and J. Voss, Ber., 53 (1920) 388; H. SCHEIBLER and H. ZIEGNER, 
Ber., 55 (1922) 789. Compare also This Text, p. 375. 

13]. STAUDINGER and P. MEYER, Helv. Chim. Acta, 5 (1922) 656. 

144 W. HtcKeL and E. Gorn, Ber., 58 (1925) 447: 
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to draw the rather easy conclusion that the processes mentioned must take 
place via the enol form; for the present one is justified only in concluding 
that there is a close relationship between enolizability and such trans- 
formations. 

If this experimentally already so widely established relationship between 
the ability to yield an enol form and the steric rearrangements is general 
for the ketones, acids, acid esters, and acid amides!®, there can, for these 
same classes of compounds, be no rearrangement when the asymmetric 
carbon atom adjacent to the carbonyl carbon atom is unable to furnish a 
hydrogen atom for enolization. Likewise there can be no steric rearrangement 
when the asymmetric carbon atom and the carbonyl are not adjacent. In 








the case of camphoric acid the asymmetry center H 
C2* satisfies only the first, in that of menthone x | 
C2* satisfies only the second of these limiting eli 
conditions; actually no rearrangement takes place Ho CH, 
in either of these substances. This is true quite H.C_C_CH 

. 3 3 
generally, and can be proved by innumerable 
examples. Of the ketones, only camphor will be eee Se 
mentioned here. This substance cannot be made \C-7 
to undergo rearrangement on either of its two |? 


centers of asymmetry. 
In the case of acids and bases the following comparison shows the 
significance for the enolization reaction of the necessary hydrogen on the 
asymmetric carbon atom: 
Active phenyl-chloracetic acids and their esters 1”, 


es 
CH G=coon 
NH 


are very readily racemized. 
Active methyl-phenyl-chloracetic acids and their esters aS 


Ol 
61.--6>.cooHn 
etrik 
cannot be racemized. 


** As shown especially by the systematic work of McKenzies on the mandelic acid 
derivatives, some of which is given in the papers mentioned below: J. Chem. Soc., 107 
(1915) 702, 1681; 115 (1919) 602; 123 (1923) 1962; Ber., 58 (1925) 894; further see 
also the book by P. FitcEr, Racemisierungserscheinungen (Racemization Phenomena) 
Lund 1924. 

16M. DELEPINE and M. BapocHe, Ann. Chem. phys. [rr], 27 (1942) x71; 183. 

a McKenzie and G, W. CLouau, J. Chem, Soc., 93 (1908) 811; 95 (1909) 777. For 
the racemization of carboxylic acid esters by sodium ethylate or methylate at room 
temperature, such as for example CsH;.CH(C,H;)COOCH,, (or of other alkyls in place 
of ethyl), see J. Kenyon and D. P. Younea, J. Chem. Soc., (1940) 216. | 

8 TH. WAGNER-JAUREGG, Monatsh., 53—54 (1929) 7o1. 


’ 
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Active phenyl-hydroxy-acetic acids (mandelic acids) and their esters }%, 


eee 
C,H,—C—COOH 
“H 


are readily racemized. 
Active methyl-phenyl-hydroxy-acetic acids and their esters ?°, 
OH 
CH Cocoon 
CH: 
are not racemized 2) 22, 
It is a striking fact that the steric rearrangements of an ester and of 
its acid can show such remarkable differences in the respective velocities 
of reaction. Thus «-phenyl-$-benzoylpropionic acid, 


COOH 


is very slowly racemized by alkalis, while on the other hand the ester is 
rapidly racemized without suffering any appreciable hydrolysis **. 

The so-called auto-racemization of the halogenosuccinic acid esters *™, 
which is catalytically strongly influenced by halide ions, was recognized 
by WAGNER-JAUREGG ® as a racemization catalyzed by traces of hydrogen 
halide acids. 

As to the nature of the catalytic effect of the halide ions, since only 
these, but not nitrate or sulfate ions, will act as catalysts, it is possible 
to develop well-founded conceptions that are related to the WALDEN inver- 
sion, and it will therefore be discussed later on in connection with this 
reaction (Compare p. 562). It has been found in particular that in the solution 
an exchange between the halogen ion and the organically-bound halogen 
takes place: thus /-bromosuccinic acid and chloride ion react to give 
d-chlorosuccinic acid and bromide ion *. 

Racemizable ketones and acids with a phenyl group in the position « to 
the carbonyl or carboxyl group are generally racemized considerably more 
rapidly than are the corresponding compounds with an alkyl side chain in 


19 J, LewxkowltTscu, Ber., 16 (1883) 2721; A. MCKENZIE and H. B. THOMPSON, 
J. Chem. Soc., 85 (1904) 385; 87 (1905) 1020. 

20 * 4tyo-lactic acid’; A. MCKENzIE and H. Wren, J. Chem. Soc., 117 (1920) 680. 

21 O, Rotue, Ber., 47 (1914) 843. Cf. also H. J. Backer, Rec. Trav. Chim., 47 
(1928) 464. 

22 Hor further literature see A. McKenzie, Ber, 58 (1925) 894. 

2 CL. BickeL, J. Am. Chem. Soc., 60 (1938) 927. 

24 P. WALDEN, Ber., 31 (1898) 1416. 

25 TH, WAGNER-JAUREGG, loc. cit., see ref. 18, p. 502. 

26 AR. Orson and F. A. Lona, J. Am. Chem. Soc., 56 (1934) 1294. 
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place of a phenyl. This may be related to the tendency toward formation 
of a double bond adjacent to the benzene ring (so-called conjugation) 
(pp. 657—658), as for example: 
OH 
CW Oelae. 
| <Rje O Cees 
OH 


This subject will be discussed more fully later on. 

From the example of the non-racemizable methyl-phenyl-hydroxy-acetic 
acid, which contains one hydroxyl group attached adjacent to an asymmetric 
carbon atom, it follows furthermore that the ‘‘nearness of the oxygen” is 
of no significance for the racemization on a center of asymmetry, unless 
the oxygen is an enolizable one. 

It can be shown by means of numerous examples for both acids as well 
as for ketones that a carbonyl group separated from the center of asymmetry 
by a carbon atom does not reduce the stability of the spatial configuration 
on this central carbon atom. In contrast to the hexahydrophthalic acid 
cited above as subject to steric rearrangement, let us here consider only 
cyclohexane-1,2-diacetic acid, the two stereo-isomeric forms of which are 
not interconvertible one into the other 27; 


CH,COOH CH,COOH 
Ge: No inter-transformation Gas COOH 
CH,COOH jel 


Cis-Acid Tyvans-Acid. 


The stability of the spatial configuration of the four substituents on the 
center of asymmetry is hence very great as soon as there is no carbonyl 
group capable of entering into enolization with the center of asymmetry. 
This raises the further question whether other constitutive peculiarities 
may also shake up or weaken this stability. As might be expected, the nitro 
group has exactly the same effect as does the carbonyl group, since the 
keto-enol tautomerism and the tautomerism of the nitro-compounds 
correspond to one another. Thus the two diastereo-isomeric forms of 1,2- 
diphenyl-1-nitro-2-methoxy-ethane are readily transformed into one 
another 28, 

This may be interpreted and explained as a reaction involving the inter- 
mediate formation of an iso-nitro compound, 


*? Compare also the review compilation by W. HtcxeEt, Changes in Configuration 
in Substitution reactions, Z. angew. Chem., 39 (1926) 842. 


°F. Het, Ber., 44 (1911) 2013; E. Monr, J. prakt. Chem. [2], 85 (1912) 334. 
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H C,H; 
xo 
Hc No; C,H,—_C=N H—C—NO, 
; | ra ahi ORY a= | 
C Senate C,H,— fag CH, C,H-C—OCH, 
i 4 i 


The steric rearrangement of the optically active nitriles observed by 
E. FiscHER and M. BERGMANN 2® must be interpreted as related to the 
tautomerism of the adjacent cyanide group, 


* 
>CH—C=N => C=C=NH. 


Due to quite different causes is the configurational instability of metallo- 
organic compounds in which a metal atom, such as lithium in lithium orga- 
nic compounds, or magnesium in GRIGNARD compounds, plays the role of the 
fourth substituent alongside of three mutually different substituents. Closer 
examination has revealed that all reports on the optical activities of such 
compounds have been in error %°, The reason for the instability here must be 
sought for in an ionization leading to a carbon atom ion with a lone or 
unshared electron pair, as for example: 


SC —i Li SCs) 4-13 


Such ions, of the same structure as the tertiary amines, R,N, (Compare This 
Text, p. 86) like these very rapidly undergo racemization due to the oscilla- 
tion of the asymmetric atom at the apex of a flat pyramid through the plane 
of the three substituents. Whenever such an jonization occurs, even in 
traces, or when the reactions of such metallo-organic compounds are crypto- 
ionic, neither these substances nor any of their products of rearrangement or 
reaction can ever be expected to exhibit optical activity. 


(b) Chemism of Steric Rearrangements 
(1) Kinetics 


All experimental experience then indicates a close relationship between 
the instability of the configuration and the tautomerizability *4. One must 
not from this, however, as already mentioned on p. 501, draw the binding 
conclusion that the rearrangement on the asymmetric carbon or other center 
necessarily proceeds via an enol or some other corresponding form in which 


29 &. FiscHER and M. BERGMANN, Ber., 50 (1917) 1050. 
30 K. ZIEGLER and A. WENz, Chem. Ber., 83 (1950) 354; GEO. WITTIG, F. VipaL, and 


E. Bounert, Chem. Ber., 83 (1950) 359: 
31 Compare also J. B. CONANT and G. H. Cartson, J. Am. Chem. Soc., 54 (1932) 4048. 
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the originally asymmetric carbon atom enters into a double-bond type of 
compound. One would not even be justified in assuming that this had been 
proved if measurements on the velocity of reaction had established that 
racemization and enolization proceeded with equal speed. For the enolization 
that is of importance here is not a spontaneously proceeding monomolecular 
process, but rather one that takes place under the catalytic influence of 
H’ and OH’ ions. These same catalysts catalyze racemization; in their 
absence both processes, racemization and enolization, equally fail to occur. 
Enol formation must therefore take place by way of at least one intermediate 
step in which the catalyst also participates (p. 336); the same must be 
assumed for racemization. Since the same constitutive assumptions must 
be fulfilled for both processes, it seems plausible to assume that the inter- 
mediate step is the same for both. Without a closer knowledge of the stepwise 
course of the reaction, however, it remains an open question whether from 
this intermediate step on enolization and racemization proceed as separate 
concurrent, and competitive, reactions (I), or whether the enolization 
represents a further intermediate step between the optically active and the 
racemic compounds, as formulated above for the hypotheses of BECKMANN, 
ASCHAN and Monr (II): 


I, Active compound —» Intermediate state (h) —» Enol form 
(a) 
/(e) hua 
{ f) Gers 
Intermediate state ---- o> Racemic form. 


II. Active compound —>» Intermediate state (h) —» Enol form —> Racemic form. 
(a) (b) (d) 


a 


I. Active compound —-—> Intermediate state (oh) —> Enol form 
(a) (b) 


(e) (c) 
y f sre 
Intermediate state ---- — Racemic form. 
OH’ 


Il, Active compound ——-+ Intermediate state (oh) ——> 


(a) : 


— > 
(b) Enol form (d) Racemic form, 


Indeed, it is even posible that in acid solution, for example, the reaction 
might proceed by I, while in alkaline solution it followed reaction mecha- 
nism II. Velocity of reaction measurements fail to clarify the problem, 
at least at first, because initially one does not know for which step the 
velocity as measured is characteristic. Equality in the velocities of enolization 
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and racemization might occur due to either of two causes: Either the slowest 
reaction scheme I, z.e. the velocity that is actually measured, is that of (a), 
when one can of course learn nothing as to the ratios of the velocities of the 
concurrent reactions (b) and (c); or if in reaction scheme IJ, either reaction 
(a) or (b) is the slowest, then one can learn something as to the velocity 
of formation of the enol form only to the extent to which it is produced by 
either of the reactions (a) or (b). The relations are the same here as for 
all other reactions for which the observed final result can be due either 
to stepwise reactions or to two concurrent reactions. The problem that 
arises here will therefore be treated in all its generality later on in connection 
with the problem of the elucidation of the course of chemical reactions 
(Chapter X). 

Nevertheless one will be able to obtain some information from a kinetic 
analysis if one finds a greater velocity for the racemization than for the 
enolization. For in this case scheme I must hold, where, however, it still 
remains to be proved whether the same intermediate step must be passed 
through for both processes; for by itself, in spite of all the similarity in the 
prerequisite constitutive conditions, enolization and racemization could 
proceed by quite different paths, as is hinted at by the dotted path (e f?) 
in scheme I. 

The difficulties that arise in the way of the solution of the problem by 
kinetic methods are, however, quite large. It is therefore very valuable that 
still another way can contribute to a solution. This consists in the investiga- 
tion of the exchangeability of hydrogen atoms for heavy hydrogen. This 
method will be discussed immediately after the discussion of the experiments 
that have been made by means of kinetic analysis. 

Up to the present time only a single substance, and that the /-menthyl 
ester of #-phenylacetic acid, has, thanks to KIMBALL 32, been subjected to 
a careful kinetic analysis. The ester just named possesses, when in its keto 
form, another asymmetric carbon besides the asymmetric centers present 
in the -menthyl group. On enolization this second center disappears: 


ne ~ 
CH,—CO—CH—COO—1-CyoHig CH,—C==C—COO—1-CypHis 


| i ica 8 
C,H; OH C,H; 


Of the two possible diastereoisomers of the keto form (since the /-menthyl 
residue is stable, the configurations on the asymmetry centers of this group 
are to be regarded as given once for all) the dextro-rotating form, being 
the less soluble one, separates from solution, and can therefore readily be 


32 R. H. KimpatLt, J. Am. Chem. Soc., 58 (1936) 1963. 
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obtained in pure form %3, Dissolved in cyclohexane it exhibits a constant 
rotation, and indicates the absence of an enol form when titrated with 
bromine. By addition of only a trace of piperidine, both racemization and 
enolization are catalyzed; the course of the former can be followed polari- 
metrically, the course of the latter by bromine titration, until the equilibrium 
state is reached with 71 % enol form and 29 % of the two keto forms. It 
is then found that the racemization proceeds several times more rapidly 
than does enolization; nevertheless both velocities are of the same order 


of magnitude. KrmBa_t therefore considers it possible ** that, corresponding 
to the above given scheme I, ea a common intermediate stage is run 


through by both racemization as well as enolization; it is assumed of this 
stage that the steric configuration on the C* has been annulled, and that 
one part,—according to available measurements about two thirds,—will 
pass over into the racemic form, and another part,—about one third,—will 
pass over into the enol form. KIMBALL is however quite aware of the fact 
that he has given no final proof for this course of the reaction; he therefore 
broaches another possibility for interpreting his experimental results, which 
seem to him not to exclude entirely the assumption of an enol form as a 
preliminary first stage in racemization. It would lead us too far, however, 
to enter into further details. 


(2) Exchangeability of hydrogen for deuterium 

The experiments on the exchangeability of hydrogen atoms now to be 
discussed show in any case that the assumption of enolization as a necessary 
intermediate stage for racemization as demanded by scheme II does not 
always suffice. In details, however, the last word has not yet been spoken. 

The discovery of heavy hydrogen or deuterium has made it possible to 
determine on which points (parts) of a molecule the hydrogen is sufficiently 
mobile so that it can enter into exchange-reactions. The bodies (particles) 
actually exchanged are the atomic nuclei, 7.e., the proton and the deuteron. 
Instantaneous exchange, 7.e., one taking place so rapidly that its velocity 
cannot be measured, has been observed for hydrogen attached to oxygen 
or to nitrogen, 7.e. for the hydrogen of hydroxyl and amino groups *, 
Hydrogen attached to carbon is exchanged either not at all with the hydrogen 
of hydrogen-containing solvents, or only very slowly under special experi- 

*8 Compare the (out-)crystallization of “-glucose from an aqueous solution in which 


the equilibrium «-glucose <> 8-glucose prevails. Cf. p. 382, footnote 80. 
34 Page 1965 of footnote Se 


°° First by K. F. BonHorrFer and G. W. Brown, Z. physik, Chem (B), 23 (1933) 


172. For a compilation and review plus bibliography, see C. K. INGoLD and C. L. WIz- 
SON, Z, Elektrochem., 44 (1937) 65. 
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mental conditions. Thus, for example, when glucose is dissolved in heavy 
water, only the 5 hydrogen atoms of the 5 hydroxyl groups of the cyclic 
form of glucose enter into exchange with deuterium atoms. Acetone and 
heavy water do not enter into an exchange reaction so long as free of acids 
and alkalis; in the presence of acid, and still more rapidly in alkaline solution, 
the hydrogen of acetone is, however, replaced by deuterium from the heavy 
water. One will be inclined to regard this exchange as related to the forma- 
tion of an enol form, which according to all other experience would, of 
course, at once exchange its oxygen-bound hydrogen for deuterium. Since 
all the hydrogens of acetone are enolizable, they can all be replaced 
successsively by deuterium. The reaction, 

OlHtor 

(CH) geC=0,4-°3D,0 (CD), >CO.+ 3H,O0 

(OD’ or D*) 
and hence the exchange, will then, in accord with the law of mass action, 
proceed completely (more or less) from left to right when heavy water is 
used in large excess. 

Now it has been found quite generally, for a large number of compounds, 
that, as in the case of acetone, enolizable hydrogens can be replaced by 
the deuterium from heavy water, and especially rapidly in alkaline solution, 
while non-enolizable hydrogen atoms remain in the molecule. There is 
therefore the same relationship between the exchangeability of the hydrogen 
atoms and the enolizability as there is between the steric rearrangement, 
or racemization, and the enolization. Whether the exchange must proceed 
via the enol form, or whether it may occur in some intermediate stage, 
through which both the exchange reaction and the enolization must pass, 
can be determined, just as described above for racemization, only by 
means of a kinetic analysis. Further, we have the problem of investigating 
whether there is any relationship between the velocity of racemization and 
the exchange of hydrogen isotopes in racemizable compounds. 

Up to the present time the following experimental data that may help 
to answer this question are available: 

When @-n-butyl-phenyl-ketone (?-1 = SEC.), 


SPSS iy pH 


CH,~ >C“C,Hs 


is dissolved in a solution of heavy water plus dioxane (the latter being 
necessary to obtain a homogeneous solution) containing a little NaOD as 
a catalyst, it undergoes the exchange reaction at approximately the same 
velocity as it undergoes racemization 36, Both reactions must hence be 


86 C, K. INGoLp and C. L. Witson, Z. Elektrochem., 44 (1937) ©5- 
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governed by the same velocity-determining process ; whether this is enoliza- 
tion is, however, not proved or indicated by the experiments. Just as little 
do the experiments show that the exchange-velocity for the H-atom on 
the asymmetry center of 2-o-carboxybenzylindanone-1, 


Ar £0H 
| CET ee 


under the most varied of experimental conditions *’, is always the same 
as the velocity of bromination for the same conditions, for it is by no means 
certain, as already explained on p. 303, whether bromination really occurs 
on an enol form. 

Mandelic acid, CgH;—CHOH—COOH, dissolved in an alkaline solution 
of heavy water, exchanges more than two hydrogen atoms, but not quite 
three, in the same time in which it is fully racemized 38, as one would have 
to expect if the enol form, 

OH 


enuigwer, 
| OH 
OH 


appeared as a necessary intermediate step. When a solution of the pure acid 
is heated to 140° for 51 hours, only two hydrogen atoms are exchanged, with 
the formation of C,H;—CHOD—COOD, while complete racemization also 
takes place. H. ERLENMEYER’s conclusion from this fact, that the process 
of racemization is completely independent of that of enol formation, and 
that the racemization of mandelic acid must, according to the results of 
the experiments “clearly” take place ‘‘uniquely” by the ““flipping-over”’ 
or reversal of the substituents, undoubtedly goes too far. It may be regarded 
as certain, however, that a completely developed enol form cannot be con- 
sidered as an intermediate step for racemization in the case of mandelic 
acid. That, as already mentioned above, an intermediate stage may exist, 
from which both racemization and enolization can follow with different 
velocities, is by no means excluded by ERLENMEYER’s experiments. In 
view of the insufficient experimental material available at present, only ill- 
founded hypotheses based thereon can be proposed °°, 


8? C. K. INGoLp and C. L. Witson, J. Chem. Soc., (1934) 773; 5S. Ki Ast andeGae 
Witson, J. Chem. Soc., (1936) 623. 

°° H. ERLENMEYER, H. SCHENKELand A, Epprecut, Helv. Chim. Acta, 19 (1936) 1053. 

*® Nevertheless one possibility may be indicated. This is derived from ARNDt1’s 
hypothesis (See p. 336) on the catalytic effects of the hydrogen ion (which is of 
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(c) Further Steric Rearrangements 


A steric rearrangement closely related to the rearrangements of the 
optically active carbonyl compounds with neighboring asymmetry centers 
is the racemization of optically active sodium amylate, 

CH _-CH,ONa 
CH,~ “H 


Other rearrangements that should be mentioned here are those of the 
sodium compounds of secondary alcohols with asymmetry-centers in the 
neighborhood of the hydroxyl group. The formation of the alcoholate from 
metal and alcohol does not by itself produce racemization. This has been 
definitely established, contrary to earlier data, in the case of optically 
active octanol-2 and butanol-2 *. 

The racemization of sodium amylate was discovered by LE BEL *}; it 
takes place on heating to 200° C. Active amyl alcohol itself is not racemized 
even on heating to temperatures considerably above 200° *#?. Attempts to 
racemize /-butanol-2 43 have shown that at 612° C in a pyrex glass vessel, 
75, % of the material is recovered with rotation unchanged, while the remain- 
ing 25 % has suffered far-reaching decomposition. In the presence of zinc 
chromite, copper or chromium oxide, the rotation is decreased; this can 
be explained readily by dehydration and rehydration on the catalyst. 

Boiling for 20 hours with 5% of sodium hydroxide likewise does not affect 
the rotation, provided air is excluded; otherwise the rotation does decrease ae 


course present in a solution of mandelic acid) as pictured by the following formulas: 


D waa: 
ee + Dt Bea ae, eat 
Gee fC OD ——> | CHC  C—OD 


i | | 

OD LL OD sl 
The proton attached to the asymmetric carbon atom changes its position within the 
ion, by moving over to the oxygen atom, but still remains within the field of action 
of the carbon atom, which has in the meantime lost its asymmetry, since it is now 
bonded with only three substituents. Then the proton again returns to the carbon 
without in the meantime having been free as an ion, or without having exchanged 
its place with the D atom attached to the oxygen atom and situated at a greater 
distance from the C atom. 

40 M. Doucuty and J. Kenyon; Helv, Chim. Acta, 30 (1947) 2142. 

41 J. A. Le BEL, Compt. Rend., 87 (1878) 213; PH. A. GuyveE and M. Gautier, Bull. 
Soc. Chim. France [3], 11 (1894) 1173; P. FRANKLAND and Tu. S. Price, J. Chem. 
Soc., 71 (1897) 255. 

42 P. FRANKLAND and Tu. S. PRICE, loc. cit. ref. 41. U. v. WEBER, Z. physik. 
Chem. (A), 179 (1937) 295; cf. also p. 497. 

48 R. L. BurwELt Jr., J. Am. Chem. Soc., 59 (1937) 1609. 

44 W. DoERING, E. DoERING, and T. C. ASCHNER, J. Am. Chem. Soc., 71 (1949) 838. 
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The effect of oxygen thus established confirms a presumption already ex- 
pressed much earlier,—that the configurational rearrangement 1s related to 
a dehydrogenation process. Observations made by GUERBET * lead to the 
same conclusion. This author observed the formation, when the alcoholates 
are heated to higher temperatures, of hydrogen, and of condensation pro- 
ducts that could be formed only from carbonyl compounds. The same role as 
that played by a carbonyl compound formed from the alcoholate can be 
assumed also by an added foreign carbonyl compound. Thus the addition of 
5°/, of benzophenone to a 5% solution of sodium iso-amylate produces, on 
boiling for a few hours in the absence of air, a complete racemization *°. The 
exchange of oxidation states between the alcoholate and the carbonyl com- 
pound that takes place here is the one so well known from the work of 
MEERWEIN, PONNDORF, and VERLEY 4’. As soon, however, as the carbonyl 
compound has been formed, an enolization toward the asymmetric carbon 
atom center, i.e. an enolization of the type discussed in Section 2, according 
to the scheme, 
Bie Be 
CHa» C=O Pid CGHyes 2C-On 
CH SH (4 5 Pa 

can take place. 

Closely related to the racemization of sodium amylate are the rearrange- 
ments of the sodium compounds of such secondary alcohols as carry the 
hydroxyl group on an asymmetric carbon atom; in this case also only the 
alcoholates, but not the free alcohols themselves, undergo rearrangement. 

Thus experiments on the racemization of /-butanol-2 43 have shown that 
after heating to 612° in pyrex glass 75°% of the substance is recovered with 
unchanged angle of rotation, while the other 25° has undergone a consi- 
derable extent of decomposition. When zinc chromite, chromium oxide, or 
copper are added, the rotation is decreased; this can readily be interpreted in 
terms of dehydrogenation and rehydrogenation on the catalyst surface. 

The temperature necessary for rearrangement is usually that of boiling 
xylene (140°). It was thus that isoborneol was first transformed to borneol 47: 


4° M. GUERBET, Compt. Rend., 128 (1899) 511; 149 (1909) 129; 150 (1910) 183; 154 
(1912) 222, 713, 1357; 155 (1912) 1156. The GUERBET method of condensation of sodium 
n-butylate with copper bronze gives a 90°/, yield. This reaction doas not proceed in case 
of branching in the «-position, nor in the case of «,8-unsaturated alcohols of the allyl type. 
See CH. WEISMANN, E. BERGMANN, and M. SULZBACHER, J. Org. Chem., 15 (1950) 54. 

46 H. MEERWEIN and Rupotr Scumipt, Ann., 444 (1925) 221; A. VERLEY, Bull. 
Soc. Chim. France [4], 37 (1925) 537; W. Ponnporr, Z. angew. Chem., 39 (1926) 138. 
This reaction is usually used preparatively for hydrogenating a carbonyl compound 
by means of aluminium isopropylate. } 

* G. WAGNER and W. Bryckner, J. Russ. Phys. Chem. Soc., 35 (1903) 537; SCHMITZ 
and Co., Chem. Zentralbl. 1909 II, 1392. : 
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later for example, coprosterol to 3-cholestanol 48, Vavon 4 used this type 
of rearrangement to prepare the trans-forms of cyclic alcohols from the 
cis-forms of the alcohols, the former being the more stable. Thus: 


INE NG 
AH a L-ONa 


7 ‘ONa VW NE 
. Sodium compound Sodium compound 
of cis-o-isopropylcyclohexanol of tvans-o-isopropylcyclohexanol. 


In these transformations, however, not only the center of asymmetry (2*) 
that carries the hydroxyl group is involved, as it might seem at first, but 
also the second, neighboring carbon (1*), whose position relative to the 
hydroxyl is the same as the position of the asymmetry-center in active 
amyl alcohol. This cannot be deduced from the examples studied by VAvon 
since these include only two asymmetry-centers. If, however, a third asym- 
metry center is present in a position that is not shaken by the rearrangement, 
it is possible to recognize whether carbon 1* as well as carbon 2* has changed 
its position in space relative to carbon 3*. 

If the hydroxyl group is not on a carbon adjacent to the asymmetry- 
center, the relative positions of the substituents on the centers not bearing 
the hydroxyl groups remain unchanged. 

It could be shown in the meantime *° that the rearrangement is related 
to the formation of an aldehyde or a ketone, the enolate of which can be 
formed by dehydrogenation of the alcoholate *1; at the same time the 
neighboring center of asymmetry disappears, but, due to the rehydrogenation 
through the alcoholate, is again reformed in a reaction generally designated 
as an “exchange of stages of oxidation”’ * between the carbonyl compound 
and the alcoholate. 


48 A. Winpbaus, Ber., 49 (1916) 1733. 

49 For example, G. Vavon, Bull. Soc. Chim. France [4], 39 (1926) 671; G. Vavon, P. 
AnzIAnI and HERYNK, Ibid. [4], 39 (1926) 1142; G. VAvoN and A. CALLIER, Ibid. [4], 
41 (1927) 681; G. Vavon and P. Anzrant, Ibid. [4], 41 (1927) 1643; G. VAvoN and 
V. M. Mitrcuovircn, Ibid. [4], 45 (1929) 968. 

50 W. HicxeL and H. Naas, Ber., 64 (1931) 2137. The partial racemization of 
quinine, in which a change in configuration on the hydroxyl-bearing atom C® takes 
place when it is converted to epiquinine, and on C® when it forms quinidine, and on 
C8 and C® when it forms epiquinidine, is interpreted in like manner by W. E. DOERING, 
G. Cortis and L. H. Knox, J. Am. Chem. Soc., 69 (1947) 1700. 

51 Condensation products and hydrogen are also formed; M. GUERBET, Compt. Rend., 
128 (1899) 511; 149 (1909) 129; 150 (1910) 183; 154 (1912) 222, 713, 1357) 155 (1912) 
1150. 

pe H. MEERWEIN and Rupo.tr ScuMiptT, Amn., 444 (1925) 221; A. VERLEY, Bull. 
Soc. Chim. France [4], 37 (1925) 537; W. PoNNDoRF, Z. Angew. Chemie, 39 (1926) 
138. Usually aluminium iso-propylate, Al (O-i-Pr)s, is used when one wishes to make 
practical use of this method of hydrogenation reaction. 
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In conformity with the concept that rearrangements or racemizations 
of the alcoholates are due to the formation of enolates, is the non-racemization 
of the alkali compounds of optically active tertiary alcohols, from which 
no enolates can be formed °°. 

The partial and complete racemizations of compounds such as contain 
a halogen or mineral acid residue on the asymmetric central atom occupy 
a special place among the steric rearrangements. As was found by MEERWEIN 
in his already previously and thoroughly discussed investigations, purely 
steric rearrangements on a certain atom never occur here; they always 
involve also a migration of the halogen atoms and deep-seated structural 
rearrangements; these are to be considered as the consequence of an ioniza- 
tion, i.e., as an attack on the asymmetry-center itself. 

Likewise, the complete or partial racemizations of unsaturated compounds 
involving migration-shifts of double bonds, or still deeper-going structural 
rearrangements, cannot be used to judge of the stability of the configuration 
of the atoms on an asymmetry-center 544, 

The mechanism by which the racemization of d-3-methyl-hexane by 
means of strong sulfuric acid (See p. 498) is effected is not yet clear in detail, 
in so far as the chemical reaction mechanism for the exchange of a hydrogen 
atom by deuterium has not yet been clarified 4”, The fact of the exchange does 
prove, however, that here a substitution takes place on the asymmetric 
carbon atom, i.e. an attack that can, as will be shown below (This Text, p. 517) 
lead to a change of configuration involving a WALDEN inversion. 

The difference in the behavior of two most simply constructed active 
compounds, with only a single carbon atom that is simultaneously also 


8 P. G. STEVENS, J. Am. Chem. Soc., 54 (1932) 3733. The alcoholates of «- and of 
®-fenchol, from which no enol can be formed, also do not undergo mutual transfor- 
mation; W. Htcxer and H. KinDLER, Ber., 77 (1944). The mutual configurational 
rearrangement of the isomeric alcohols one into the other, by way of the exchange 
of oxidation states as induced by a foreign carbonyl compound, 7.e. by another chem- 
ical reaction mechanism, and to a state of equilibrium, takes place here as well, as 
by heating with fluorenone and tert. butanol-sodium in fert. butanol as a solvent, 
though only slowly, as on heating for 70 hours at 165°. See W. DoERING, E, Dor- 
RING, and T. C. AscHNER, J. Am. Chem. Soc., 71 (1949) 838. 

*4a Compare the erroneous interpretation of the racemization of pinene by D. F. 
SmiTH, J. Am. Chem. Soc., 49 (1927) 43. The supposed deactivation of pinene was 
recognized by J. B. Conant and G. H. Cartson, J. Am. Chem. Soc., 51 (1929) 3464, 
as the already long and well-known isomerization to dipentene, Compare also L. § 
KassE., J. Am. Chem. Soc., 52 (1930) 1935. 

4D An ionic mechanism, with catalysis by traces of olefins, seems probable; J. W. 
Otvos, D. P. STEVENSON, C. D. WAGNER and O. BEEck, J. Am. Chem. Soc., 73 
(1951) 5791. 
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the center of asymmetry, 7.e. of chloro-iodo-methane-sulfonic acid, and of 
chloro-bromo-methane-sulfonic acid, 
Che Sr GLEIP OF 
C and > 
I~ “SO,H Br~ “SO,H 
on steric rearrangement is quite unique, and cannot yet be explained. 
Chloro-iodo-methane-sulfonic acid *° can be racemized only with difficulty, 
i.e. only by use of concentrated ammonia **, while chloro-bromo-methane- 
sulfonic acid is readily racemized *’. This difference in behavior could not 
be foreseen, and can furthermore not be related to any other known fact. 
The assumption of a direct exchange of position of the substituents in 
the chloro-bromo-methane-sulfonic acid, that is of the ‘‘reversal’’ or ‘“‘inver- 
sion’’, does not help one over this difficulty. The assumption of a shift of 
the bond corresponding to an enolization is impossible here, for the sulfonic 
acid group shows no electromeric effect, and cannot be tautomerized. By 
considering the acid as a dibasic acid with quite different constants of 
dissociation for the two hydrogens, one might also assume a migration of 
the hydrogen atoms: 


Cpe ey 
RT EE SS 


Br~ ™“H psa P362c. beesa 


Gl SO,H Cie eSOun 
aa oo 3 Sate at 3 ATT 


Clap SO, 


Jot gaes: apenas Sa 

The second type of dissociation might, as a result of a stronger inter- 
action between the iodine atom and the hydrogen nucleus, be much rarer 
in the case of chloro-iodo-methane-sulfonic acid than in the case of chloro- 
bromo-methane-sulfonic acid, but this also remains an unfounded hypothesis 
since no kind of experimental evidence is available as a hand-hold. On the 
other hand, one may with considerable certainty exclude the hypothesis 
to which one might be led as a result of MEERWEIN’s work on the rearrange- 
ments of the halides,—z.e., that racemization is the result of a temporary 
split-off of the halogen as an ion,—for neither the conditions for racemization 
nor the failure of the iodo-acid to rearrange, for which, by analogies with the 
other halides, one should expect the greater velocity of rearrangement, are 
in conformity with such an interpretation. 

Perhaps investigations on suitably constructed sulfonic acids, with the 
sulfonic acid group likewise on the center of asymmetry, will give information 
as to the other processes to which the racemization on an asymmetry-center 

55 W. J. Popr and J. Reap, J. Chem. Soc., 105 (1914) 811. 


66 J, Reap and A. M. McMatu, J. Chem. Soc., (1932) 2723. 
87 J, Reap and A. M. McMatu, J. Chem. Soc., 127 (1925) 1580. 


516 ; STERIC REARRANGEMENTS VII 


bearing a sulfonic acid group can be related, and upon which constitutive 
peculiarities it depends. The halogen-sulfo-acetic acids that have heretofore 
been studied in detail 58 can give no answer to this question, since they 
contain the enolizable carboxyl group, and are hence, with the exception of 
the non-enolizable and stable «-bromo- (or chloro)-«-sulfono-propionic acid, 


CHy-SOsH # 


Br ~ “COOH 
readily racemized. 

The racemization that supposedly accompanies the sulfonation of camphor 
in the x-position, that is of a bridge methyl group, has not been sufficiently 
clarified, so that no certain verdict on this question can be given as yet °°. 
It is noteworthy that a similar racemization apparently does not take 
place when «-bromcamphor is sulfonated. 

When we combine and summarize all the observations on the thermal 
stability of the spatial arrangement of the four substituents linked to a 
single carbon atom, we come to the conclusion that the stability of the 
configuration is extraordinarily great so long as there are no possibilities 
of tautomerism involving the center of asymmetry. Compounds that do 
not possess the constitutive peculiarity mentioned cannot be caused to 
undergo rearrangement-inversion. The formerly frequently made, and by 
itself probably most natural assumption as to the mechanism of racemization, 
according to which the substituents attached to the carbon atom simply 
“reverse’’ or ‘“‘invert’’ in the sense of a mechanical model, is certainly not, 
or at best only very rarely, true. 

In the case of chemical, frequently very energetic, reactions occurring 
far removed from the center of asymmetry, as well, experience has shown 
that the spatial arrangement of the atoms does not change unless the possi- 
bility of tautomerism seems evident. If, however, such a possibility of 
tautomerism is present, one must choose very carefully the reactions used 
in order to prevent with certainty the occurrence of such a transformation. 
This caution must be observed, for example, especially in the case of the 
esterification of optically active acids, and of the saponification of optically 
active esters ®!. In the case of the transformation of d-isopropylmalonic 


58 Cu. PorcHER, Bull. Soc. Chim. France [3], 27 (1902) 438; W. J. Pope and J. Reap, 
J. Chem. Soc., 93 (1908) 794; H. J. BackEeR and H. W. Mook, Rec. Trav. Chim., 47 
(1928) 464. 

8° H. J. BACKER and H. W. Mook; Bull. Soc. Chim. France [4], 43 (1928) 542. 

8° Y. ASAHINA considers the sulfonation in the ™-position to be the result of a 
rearrangement combined with a racemization. Pyoc. Imper. Acad. Tokyo, 13 (1937) 38; 
Chem. Zentrallblatt 1937, II, 1823. The first hypothesis on the racemization accompany- 
ing the ™-sulfonation of camphor was proposed in a paper by H. E. ARMSTRONG and 
T. M. Lowry, J. Chem. Soc., 81 (1902) 1469. j 

st A. McKENZIE loc. cit., Cf. This Text, p. 502, footnote 15. 
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acid mono-amide into its optical antipodes, as carried out by Emir FIscHER, 
and in which the asymmetry-center appears not to have been affected 


(Cf. This Text, p. 52), the reaction conditions were not such that an enolization 
could have taken place. 


(772) STABILITY OF THE SPATIAL ARRANGEMENT OF FOUR ATOMS 
UNITED TO A NITROGEN ATOM 


The stability of the spatial arrangement of the four different substituents 
of the ammonium complex on an asymmetric nitrogen atom seems to be 
less than that on a carbon atom. Most by far of the observations on this 
question are due to E. WEDEKIND. From these it follows that in very many 
cases the racemization of an optically active ammonium salt depends on 
a partial decomposition of the salt,—which in this case must be a halide, 
for sulfates and nitrates retain their optical activity when no halogen ion 
is present,—into tertiary base and alkyl halide, as follows: 

) Rin ks | Rw Rs 


ll = Na.) Ra 
Pree PERS | ee : 


Racemization takes place preferentially more strongly in such solvents 
as repress the dissociation into ions, hence also the formation of the stable 
complex [N R,]’, as for example chloroform. In those solvents in which the 
salts are almost completely dissociated, as in water, racemization either does 
not occur at all, or only very slowly. Thus, for example, the velocity con- 
stants for the decomposition and the racemization of benzyl-methyl-phenyl- 
allyl-ammonium iodide (methyl-allyl-phenyl-benzyl-ammonium iodide) 
(which in chloroform solution is however present as double molecules °*) 
show good agreement *. 
| Te C.Hs~_ 
| H,C~ “CH,—CH=CH, | H,C~ 





emt CH,—C,H 
\ pa ea N—CH;—CH=CH, + C,H,CH,I 


Hence a ‘reversal’, or “flipping over’’, of the substituents takes place as 
little here as in the case of the asymmetric carbon atom. 

Not all racemization phenomena in the optically active alkyl ammonium 
halides can however be interpreted on the basis of the assumption of a 
dissociation into a tertiary base and an alkyl halide. For in the case of 
some salts the influence of solvents is just the opposite to that described 

62 &. WEDEKIND and F. PascHKE, Ber., 44 (1911) 1410. 

63 E. WEDEKIND and F. PascHKE, Z. phystk. Chem., 73 (1910) 118. 


64 FH. vy. HALBAN, Z. Elektrochem., 13 (1907) 57; Ber., 41 (1908) 2471. Also E. WEDE- 
KIND and F. PascHKE, Ber., 41 (1908) 2659 etc. 
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above. In solvents which favor electrolytic dissociation they racemize 
quickly, while in other solvents, such as choloroform or acetone, they 
racemize either very slowly or practically not at all. The following compounds 
are of this type ©. 

(1) N-Methyl-allyl-tetrahydroquinolinium iodide and methyl-allyl-propyl- 
phenyl-ammonium iodide, 











= CH, 7 ia CH. 
CH, jo CH, 
Cris I and Ley | I 
See : VAY ie 
cH \cx,—cH=cy, | | \cH,—CH=CH, _ 


racemize readily in aqueous or in alcoholic solution, racemize only very 
slowly in chloroform, and not at all in acetone. 

(2) The N-alkyl-tetrahydro-/soquinolinium-iodide-aceticacid-/-menthy] 
esters: 


I oe | I 
| NNN Seo are | 
should, corresponding to the asymmetry of the nitrogen, and to the fixed 
asymmetric configuration in the l-menthol, exist in two diastereo-isomeric 
forms. In the case of the ethyl-, n-propyl-, iso-propyl-, and ?so-amyl-N-alkyl- 
derivatives, such substances could indeed be prepared, but the methyl 
derivative could be obtained in one form only. The two forms each of the 
ethyl and propyl derivative are completely stable, but the one of each of 
the two forms of the 7so-propyl and the ?so-amy] derivatives suffers a complete 
rearrangement on the nitrogen atom in alcoholic solution, but not in chloro- 
form or acetone solutions, and in so doing passes over into the more stable 
modification. No such isomerization occurs in the case of the isomeric 
nitrates. 
(3) The N-alkyl-tetrahydro-isoquinolinium-acetic acid betaines (internal 
salts) 8° of the type: ; 


CH, 
A NGONCEH: 
| | fara 
WA ZNE CH 
Citron} 
O—C=—O. 
°° E, WEDEKIND and O. WEDEKIND, Ber., 40 (1907) 4450; E. WEDEKIND and 
G. MAIsER, Ber., 61 (1928) 1364, 2471. 
86 E. WEDEKIND and F. Ney, Ber., 45 (1912) 1299. 
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behave in a very similar manner. Since in this case there is no second 
center of asymmetry, the final result of the rearrangement is a complete 
racemization. These substances rearrange still more rapidly than do 
the halides of the menthyl esters, and not only in alcohol, but in acetone 
as well. 

At present we cannot decide with certainty how we are to picture to 
ourselves the course of the rearrangement of these substances. The determin- 
ing influence of the presence of halogen ion or of betaine-formation on the 
rearrangement, while nitrate ion cannot effect rearrangement, is a decisive 
bit of evidence against a simple flipping over or exchange of the substituents 
as a consequence of thermal motion ®”. One may therefore perhaps be able 
to assume a dissociation of the nitrogen-containing ion according to the 
scheme ,— 

ann He ee 
a fa 2 
in analogy to the reaction 
pH HT: 
N <> NH, + H 
| H ae 
for such a reaction is strongly catalyzed by halogen ions. As to just how 
this catalytic effect is brought about only by halogen ions, and not by 
nitrate or sulfate ions, is at present still an open question ®. 


(iv) STABILITY OF THE SPATIAL ARRANGEMENT OF A SUBSTITUENT 
LOCATED ADJACENT TO A DOUBLE BOND 


The conditions under which stereoisomeric ethylene derivatives undergo 
transformation one into the other are known exactly for only a relatively 
small number of compounds. In the case of the simplest stereoisomers, 
cis- and trans-dimethylethylene (c’s- and trans-butene-2), 

CH,—C—H cH cA 
| and | 
CH,—C—H HCH, 
these substances undergo transformation one into the other with a measur- 
able velocity, up to an equilibrium point at which the trans-form is present 
in slight excess, only at temperatures above 350° C ®*, The chemism of this 


67 Compare TH. WAGNER-JAUREGG, Monatsh., 53/54 (1929) 796, footnote 26. 
68 This question is discussed by TH. WAGNER-JAUREGG in Monatsh., 53/54 (1929) 


etc., especially on p. 799. ew 
ach G. B. ieaviahoweeks and W. R. Situ, J. Am. Chem. Soc., 58 (1936) 766. 
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rearrangement has not yet been clarified 7°. Among the other compounds 
which contain an isolated double bond far away from the reactive groups, 
really only the isomeric pair of oleic and elaidic acid, 


CH,—(CH,),—-C—H CH;—(CH,),—C—H 
li anc | : 
HOOC—(CH,),—C—H H—C—(CH,),COOH 


has been more or less thoroughly studied. While the pure substances are 
thermally quite stable,—oleic acid can be distilled with superheated steam 
at 250° C “1,—small amounts of nitrous acid 72, as well as of nitric acid 7, 
will effect the transformation of oleic to elaidic acid 74 even at room 
temperatures. 

At considerably higher temperatures (175—200° C) a partial transfor- 
mation * is also produced by use of solutions of acid sodium bisulfite or 
of sulfur dioxide; a little sulfur, which is formed under these conditions, 
effects this transformation 78, 

Cis- and trans-dichloro-ethylene, 


CI—C—H CI—C—-H 
| bpt. 60° 


Tl bpt. 48° 77 
CP H—C—Cl 


undergo reversible rearrangement one into the other 78 with measurable 
velocity at about 300° up to an equilibrium at which about 60 % of the 
cts- and 40 % of the tvans-form are present. Whether the transformation 
is effected by a direct exchange, or jump-over, of the substituents, or 
whether it is the consequence of a slight (slow) thermal decomposition, 


7° According to R. W. HarkNEss, J. Am. Chem. Soc., 58 (1936) 1058, the velocity 
constants as measured by KistrakKowsky and SmitH can be interpreted not only 
in terms of a first order reaction, as these authors assume, but just as well also bya 
reaction of the second order, 

 P. BoLLEy and BoreMann, Z, Chem., (1866) 187. 

72 HERM. MEYER, Anzn., 35 (1840) 182; GoTTLrEB, Ann., 57 (1846) 52; more recently 
H. N. Grirritus and T, P. Hivpitcn, J. Chem. Soc., (1932) 2315. 

78 EDMED, Proc. Chem. Soc. London, (1899) 190 (Chem. Zbl. 1899, II, 1099). 

74 Just as oleic acid is transformed into elaidic acid by nitrous acid, so also is erucic 
acid converted to brassidic acid by means of the same reagent. 

7° M. and C. and A. SaytzEFF (ZaITsEV), J. Russ. Phys. Chem. Soc., 24 (1893) 
J. prakt. Chem. [2], 50 (1894) 73. 

6 G, Rankorr, Ber,, 63 (1930) 2139. 

77 The proof of configuration was effe 
see Vol. II, Book IIT, Chapter XIT. 

** L. EBert and R. Bott, Z. phystk. Chem. (A), 152 (1931) 451. Also A. R. Otson 
and W. Maroney, J. Am. Chem. Soc., 56 (1934) 1320; W. Maroney, Jbid., 57 (1935) 
2397. B. TamMamusni, H. AKIYAMA and K. Isui, Z, Elektrochem., 47 (1941) 340. 
Compare also R. E. Woop and D. P. STEVENSON, J. Am. Chem. Soc., 63 (1941) 1650. 


477; 


cted by means of dipole moment measurements, 
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cis-C,H,Cl, <= C,H, + Cl, = trans-C,H,Cly, 


or 


cis-C,H,Cl, <* C,HCl + HCl = trans-C,H,Cly, 


or whether, finally, it is the result of still some other reaction-path, cannot 
as yet be decided ”°. 

The majority of the stereoisomeric ethylene derivatives, the transforma- 
tions of which one into the other have been studied, contain not only the 
double bond which is the cause of the stereoisomerism, but also another 
second, neighboring, either a C=C or a C=O, double bond. Since these 
so-called conjugated systems of double bonds, C=C—C=C and C=C—C=O, 
undergo different reactions which do not occur in the case of the isolated 
double bonds (See pp. 592, 621 etc.), it is not always clear whether the ex- 
perimental conditions of transformation as determined for such substances 
as contain conjugated systems will also hold for isolated double bonds. 

For the czs- and the trans-pentadiene-1,3 (piperylene) this is the case; 
the two isomers, 


Bares Eka 
| and | 
Cc G 
HH ++CH-—_CH=Ch, Ha +Ch—CH=CH, 
cis- B. Pt. 43.5° C trans- B. Pt. 42°, 
Np”? 1.4360 Np”? 1.4300 


undergo mutual transformation up to an equilibrium value of 14 : 86 at 
20° C in the presence of iodine, just as they do thermally (3 : 4 at 600° C), 
while ultraviolet light, on the contrary, has no effect *°. In the case of some 
other compounds of this type, however, the instability of the spatial arrange- 
ment is so great that one will rather relate it to the conjugation. 

Thus, for example, the very readily occurring rearrangement of the cvs- 
into the trans- glutaconic acid *! will depend on a shifting of the double 
bond, as a result of which one conjugated system passes over into another 
by the migration of a hydrogen atom, and is to be classified as a case of 
three-carbon-atom tautomerism (See p. 334); 


7” A rearrangement can also be effected by addition of bromine and irradiation with 
sunlight; G. CHAVANNE, Bull. Soc. Chim, Belgique, 26 (1912) 290; 28 (1914) 234. On 
the other hand, irradiation of the pure compounds with a mercury vapor lamp does 
not cause any noticeable effects; compare L. EBERT and R. BUtt, ref. 78, p. 520. 

20 R. L. FRANK, R. D. Emmicx and R. S. Jounson, J. Am. Chem. Soc., 69 (1947) 


2313. ' 
81 R. MALacuowskI, Ber., 62 (1929) 1323; compare also F, Feist, Ann., 428 (1922) 25. 
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COOH COOH 
| —> | 
H—C H—C_ 
“CH,—COOH a 
Goo EL 
cis-Glutaconic acid tvans-Glutaconic acid. 


The substituted glutaconic acids without a ‘‘mobile hydrogen atom” are 
incomparably more stable in their stereoisomeric forms. 

If no such lability of the double bond as exhibited by glutaconic acid is 
present, then in the case of conjugated systems as well, such as those present 
for example in maleic and fumaric acids, a catalytic action is necessary in 
order to induce the rearrangement. At 300° isomerization takes place with 
measurable velocity in the gas phase even without the use of a catalyst *?. 
Especially effective as catalysts in this respect are the halogens and the 
hydrogen halide acids, and, as already mentioned previously, nitrous acid **. 
Under some circumstances an alkali metal may also induce rearrangement, 
as for example potassium for the transformation of maleic acid ester ** to 
fumaric acid ester (diethyl maleate to diethyl fumarate), without any 
visible change on the part of the metal itself. The assumption of an inter- 
mediate enolization, which would in this case lead to the formation of an 
allene derivative: 


OC,H 
Cx > naa +) 
H=C=COOCH,  p Gan OK 
| | 
H>e COOC TS ae ee 0 
ne 
OCH, 


is therefore certainly inapplicable to this case. This conclusion is also 
indicated by the observation of SCHLENK and BERGMANN ® that sodium 
metal is able to convert isostilbene into stilbene, where, by the nature of 
the case, an enolization is impossible: 


alg rae Na CeH;—C-H * 
pie | 
CH=CH Soees es HS Ce Ha 


82 G. B. KisTIAKOWSKY and M. NELLES, Z. physik. Chem., Bodenstein Festband, 
p. 369 (1931), also B. TaMamusHI and H. Aktyama, Z. Elektrochem., 45 \1939) 72. 

88 For the rearrangement of maleic acid dimethyl ester into fumaric acid dimethyl 
ester by NO + O,, see B. TaMamusui and H. AKIYAMA, Z, Elektrochem., 43 (1937) 156. 

84 H. MEERWEIN and J. WEBER, Ber., 58 (1925) 1266. 

8° W. SCHLENK and E. BERGMANN, Ann., 463 (1928) IIo. 

4 That stilbene, the more stable of the two isomers, may be considered as tvans-1,2- 
diphenylethylene is exceedingly probable on the basis of various analogies. Since the 
unstable liquid stilbene (M.Pt. + 1°: C. WEYGAND and J. RETTBERG. Ber., 73 (1940) 
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Furthermore, the rearrangement of cis- to trans-stilbene Up’ to 929,118 
effected by boron trifluoride in ether solution, and still more rapidly in 
carbon tetrachloride as solvent. Strange to say, under the same conditions 
diethyl maleate undergoes almost no rearrangement at all 87. 

Rearrangements can be induced not only by chemical agents, but also 
by light. In this case,—because of the light-energy absorbed in the process,— 
this in general does not lead to the same equilibrium as does the chemically 
effected rearrangement ®5. 

A glance over the list of reagents effective as catalysts shows that these 
are almost exclusively substances which are able to undergo addition to 
a double bond. The resulting easily made hypothesis, and the one especially 
represented by J. WISLICENUs **,—that the change in configuration results 
by way of addition leading to substituted ethanes with free rotation, 
followed by the renewed splitting out of the added molecule,—can however 
be disproved experimentally: The substances assumed as labile intermediate 
products, formed by addition, are frequently indeed quite stable, and show 
no tendency whatever to fall apart under the given experimental condi- 
tions %. 

Experiments on the photochemical action of bromine on maleic and 


771) was found to exhibit a small dipolar moment (Vol. II, Book III, Chapter XII) 
equal to 0.15.10~-!8, while the more stable crystalline compound has no dipole moment 
whatever, the configurational arrangement usually accepted can be regarded as 
sufficiently well established. See A. J. Witpscuut, Thesis, Delft 1932; compare also 
Rec. Trav. Chim., 54 (1935) 735. The proof as conducted by R. STOERMER, Ann., 409 
(1915) 16; R.STOERMER and G. Vout, Ibid, pp. 39, 42) isnot conclusive, since the loss by 
fission of CO, from the stereoisomeric 1,2-diphenylethylenecarboxylic acids 
(x, 8-diphenyl-A,,,-propenoic acids), 

C,H COOH C,H ake 

| ak nase ee a aad 6 Wik oh ont 6° "5 
3 bal El He CUO, 


causes a change of substituents on the doubly-bound carbon atom determining the 
isomerism. 

8? Cy. C, Price and M. Meister, J. Am. Chem. Soc., 61 (1941) 1595. According to 
D. C. DownrnG and G. F. Wricut, J. Am. Chem. Soc., 68 (1946) 141, the isomerization 
of cis-stilbene cannot be effected by means of BF,+ether or CCl,; rather, the equili- 
brium is attained in 8 hours at 330 to 340°. For the analysis by means of methoxy- 
mercuration, in which the cis-form reacts much more rapidly, see G. F. WRIGHT, 
J. Am. Chem. Soc., 57 (1935) 1993; 62 (1940) 1991, 2412. For the oleic and elaidic acid 
esters, see G. F. Wricut and Tu. Connor, J. Am. Chem. Soc., 68 (1946) 256. 

«8 A summary of the literature of the work done, especially by R. STOERMER and 
H. Stopse, as well as on other rearrangements of stereoisomeric ethylene derivatives, 
is given by G. Wittic in Stereochemie (Stereochemistry), p. 138. 

89 J, WisLiceNus, Ber. Verh. Sachs. Akad. Wissensch., 47 (1895) 491. 

9 Zp, H. Skraup, Monatsh., 12 (1891) 108; D. I. James and H. O. Jones, J. Chem. 
Soc., 101 (1912) 1158; R. ANSCHUTZ, Ann., 254 (1889) 173; R. Fittic, Ann., 269 


(1890) 30. 
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fumaric esters 9 indicate, however, that addition reactions, of some other 
kind of course than those assumed by WISLICENUuS, do nevertheless occur 
on the doubly bonded atom. Thus in the rearrangement of maleic acid 
diethyl ester into fumaric acid diethyl ester, one bromine atom in all proba- 
bility adds on to one of the doubly-bound carbon atoms, and then afterwards 
again splits out: 


H 
HV. -COOG,H, SRN Birt eae C;H,00C\ _-H 
Nl + Br | ae 7 apy 
C —_—- Guz C 
1s Pepin afele fens: He COUCH He COOC Hs 


The conclusion that the rearrangement is induced by a bromine atom 
follows from the smooth rearrangement produced by bromine in the presence 
of ferrous salts in aqueous solution, for the oxidation of the latter by bro- 
mine involves the transient formation of bromine atoms. This same conclu- 
sion is also in agreement with the kinetics of the reaction °. 

We are then dealing with a chemical reaction directly affecting the double 
bond. The observation that the rearrangement also takes place in the com- 
bined presence of bromine and anthracene, where either a bromine atom 
or a radical formed from the anthracene adds on intermediately, leads to 
the same conception %. 

Bromine atoms formed by the reaction, 


Fe-- Britog Fe’ + 2: Br’ 
before further reaction leads to bromine ions, 
2Fe"" + Br = 2@Fée'sit- oer 


can also effect the conversion of maleic acid to fumaric acid 9%. 


*t J. Eccrert and W. Borrnskt1, Physikal. Z.., 25 (1924) 19; especially F. WAcHHOLTz, 
Z. phystk. Chem., 125 (1927) 1; RicHaRD ScuMaipt, Z. physik. Chem., (B), 1 (1928) 205; 
N. W. Hanson and D. M. Wittiams, J. Chem. Soc., (1930) 1059; further literature 
will be found there. For the effect of bromine atoms on cis-tvans-isomerizations see: 
M. S. KuHARascH, J. V. MANSFIELD and F. R. Mayo, J. Am. Chem. Soc., 59 (1937) 
1155. Bromine and anthracene in carbon tetrachloride solution catalyze the isomeriza- 
tion of maleic to fumaric acid esters in the dark; see C. C. Price and R. §S. THORPE, 


re Am. Chem. Soc., 60 (1938) 2839. Price and THORPE assume as probable that the 
Br* cation formed by the reaction, 


‘ + Br, 
Ci4Hy) + Br. —> C,,H,,Br+ + Br-—~—> C,,H,Br + HBrt, 


acts as a constantly regenerated catalyst. See however ref. 93. 
* D. H. DERBYSHIRE and W. A. Waters, Trans. Faraday Soc., 45 (1949) 749. 
*8 Later on Prick abandons this earlier viewpoint as to the effect of Br*-cations 
see C. C. Prick and C. WEAVER, J. Am. Chem. Soc., 61 (1939) 3360. @ 


** D. H. DERBYSHIRE and W. A. Waters, Trans. Faraday Soc., 45 (1949) 749. 
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Analogously the rearrangement of a cis- into a tvans-cinnamic acid is 
catalyzed by means of iodine, which is here effective in the form of the 
jodine atom ®. 

In the case of 1,2-diiodo-ethylene ** the steric rearrangement is induced 
in saturated hydrocarbons by small amounts of iodine and warming, or pho- 
tochemically. At the same time the iodine added as a catalyst is exchanged, 
and indeed more than 100 times more rapidly than the isomerization takes 
place. The exchange-velocity could be followed by the use of a radioactive iso- 
tope of iodine. Both reactions show the same dependence on the concentration 
of iodine and on the intensity of irradiation. From the kinetics of the process 
it follows that a molecule C,H,I, reacts with an atom of iodine. From the 
experimental results it may be concluded that the iodine atom adds on to 
one of the doubly-bound C-atoms to form a radical-like intermediate stage 


iE 

Higeue | 
Mae 
Toa eae 


I 


, 


H 


from which it either separates immediately, or only after migrating over 
to the other C-atom,—as a result of which the configuration is changed. 

Whether and to what extent the other catalytically influenced rearrange- 
ments of cis-trans-isomeric ethylene derivatives may be interpreted in a 
similar way must for the time being still remain an open question. At the 
same time we may assert with a fair degree of probability that this chemical 
mechanism will play a réle not only in such cases as are most closely related 
to the example investigated. Thus for example, the rearranging effect of 
“nascent” sulfur from the interaction of sulfur dioxide and hydrogen sulfide 
on maleic acid 7 might arise in this way **. The partial rearrangement of 
maleic acid into fumaric acid which takes place when copper maleate 1s 
decomposed by means of hydrogen sulfide 9° will probably also have to be 
ascribed to the formation of a little sulfur. 

The transformations effected by means of alkali metals could be considered 
as the result of the addition of one alkali metal atom, which then again 
splits off, corresponding entirely to the rearrangement with bromine as 
described above. The conception that an electron from the metal is added 
on is however probably more applicable than the assumption of a material 


95 R. G, Dickinson and H. LorzKar, J. Am. Chem. Soc. 59 (1937) 472. 

% R.M. Noyes, R. G. Dickinson and V, SCHOMAKER, J. Am. Chem. Soc., 67 (1945) 
1319. 

9 Zp. H. SxrauP, Monatsh., 12 (1891) 133, 139. 

% Compare also footnote 76 on p. 520 on the observations of RANKOFF on the iso- 
merizing or rearranging effect of sulfur. 

%” R.G. Dickinson and H. Lotzkar, J. Am. Chem. Soc., 59 (1937) 472: 
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addition of a metal atom itself. The rigidity of the double bond is thereby 
loosened, and the electron is then again split off 1. 

A review of the conditions under which czs-trans-isomeric ethylene deri- 
vatives rearrange teaches that, while much may still remain vague, and 
except possibly for a few cases, a direct jumping over, or exchange of the 
substituents under the influence of energy transmitted by collisions due 
to the thermal motion of the molecules, does not take place. That is the 
same result to which investigations on thestability of the spatial arrangement 
in saturated compounds have already led. As was mentioned in Chapter II, 
“Stereochemistry’’, the new quantum mechanics has given an explanation 
for this stability (See p. 129). 

Among the oximes, as the most important representatives of stereoisomers 
with a C=N-double bond, the relations at first sight seem to be different 
from those in the case of the ethylene derivatives. The stability of the stereo- 
isomeric forms of the oximes is in general much smaller, often indeed so 
small that their preparation cannot be effected. 

Probably this instability is related to the fact that in principle every 
oxime may, as an isonitroso compound, also react tautomerically in the 
sense of its corresponding nitroso compound, 


weiss 
>C=NOH = >C—N=O, 


for only the oximes themselves, but not their benzoyl derivatives, isomerize 
so readily . Another, by itself conceivable, transformation, which would 
lead over an unsaturated hydroxylamine 12, 


H 
wo 
R,CH—CH=N—OH = R,C=CH—N—OH, 


does not enter into consideration because the fenchone oxime,—from which 
such a hydroxylamine could not be derived, since the hydrogen atom 
necessary therefor is not available,—rearranges just as easily, and under 
the same conditions, to the equilibrium mixture of both the two stereoiso- 
meric forms as do the other oximes 1%, According to all then, in the case 


*°° Compare in this connection also Chapter VIII, (viii): Theory of the hydrogenation 
with ‘“‘nascent’’ hydrogen. For this it is not always necessary that the metal actually 
add on; the taking up of electrons is sufficient. 

101 'W. HtcxkeEr and M. Sacus, Amn., 498 (1932) 171. 

102 TH. P. Ratkowa, Ber., 62 (1929) 1626; 64 (1931) 990. That at least no measur- 
able amounts of hydroxylamine are present in the Solutions follows from the light- 
absorption measurements made by P. RaMart-Lucas, Bull. Soc. Chim. France [5], 
I (1934) 719. 

103 See footnote 102. Compare also Molecular Rearrangement and Walden I nuersion, 
Colloques internationaux No. 30 (Montpellier, April 1950), Centre National de la 
Recherche Scientifique, Paris IQ5I. 
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of the oximes too, a direct folding-over of the hydroxyl group according 
to the formulas, 
BoeC RR . Rect: 
| = | 


N N 
7 Non HoZ_N\ 
such as WERNER had originally assumed, is not the cause of the isomerization. 
Here in the case of the compounds with the C=N double bond, unlike the 
case of the amines (p. 86), we have a stability of the spatial arrangement 
of the substituents similar to that in the case of the C=C double bonds. 


(v) GENERAL REMARKS ON THE WALDEN INVERSION 


The steric rearrangements, in so far as they are induced by thermal 
influences, or occur as the result of chemical reactions which seem to take 
place far removed from the center determining the spatial arrangement, 
do not occur, so far as any definite experience is concerned, by any direct 
reversal—or turn-over of the substituents on this center into a different spatial 
configuration. While exceptions do not seem to be excluded, they are 
certainly very rare. An exact investigation of the conditions for the re- 
arrangement and the course of rearrangement reactions leads rather to the 
conclusion that in the case of changes in configuration the corresponding 
center of asymmetry, or the double bond, is drawn into play by a direct 
attack on the atoms bonded to it either by substitution or by the possibility 
of a tautomeric, i.e. a structural, rearrangement, even if this direct attack 
is not obvious from a comparison of the constitutions of the initial and the 
final products. According to these experiences the testing of this question,— 
whether the spatial arrangement of the atoms survives an attack which, 
according to the formal representation, already is aimed directly at the 
center of stereoisomerism, i.e. at a center of asymmetry in the case of 
substitutions, and at a double bond in the case of addition reactions,— 
seems to be especially important. The principle of the least possible change 
in structure in chemical reactions would say, when applied to these reactions, 
that in the case of substitutions the substituent would enter into the position 
of its predecessor; that is in fact the literal meaning of the concept of 
“cubstitution’”. In the case of addition to a multiple (double or triple) bond, 
the atoms would have to, if we assume the Van ’t Horr model of the 
atom as the foundation of our discussion, add on in the c/s-positions, if 
we assume that the addition reaction leaves one of the two bonds untouched. 


\/ Vv 
Cc —C 
| 


/\ /\ 
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If these simple mechanical pictures were truly applicable to the process 
of substitution and addition, it would be possible to carry out determinations 
of the configuration on this basis. During the years when stereochemistry 
was developing it was believed that one could do this safely and without 
precaution, the more so because of the great usefulness of the mechanical 
models for an explanation of the number of isomers. One forgot that in 
using them to explain the steric course of reactions the models were being 
applied to a field for which they were not originally created, for they were 
intended to represent only the positions of the atoms in the completed 
undisturbed, or unexcited, molecule. Nevertheless, in view of the various 
structural rearrangements then already known, and which warned one to 
be careful even in the case of structure determinations, it does seem that 
a more critical attitude might have been in place. Since, however,—as we 
know today, by chance—, a few particularly fundamentally well studied 
cases fit into this type of structure-determination without any contradictions, 
namely the permanganate oxidation of fumaric acid to tartaric acid, and 
of maleic acid to meso-tartaric acid (Cf. p. 567), no systematic investigation 
directed toward this question was undertaken, and it was left to chance 
that finally in the year 1895 the investigations of WALDEN ! showed that 
the principle mentioned was not applicable to substitution reactions. 

It is true that the applicability of the principle to certain special cases 
had already been doubted previously,—as had been pointed out in all 
clarity by VON BAEYER !® in 1888. The first example of the fact that a 
substituent need not in the sense of the word “‘substitution”’ enter into the 
position previously occupied by its predecessor was of course found already 
in 1879 by ZINCKE 16. Exhaustive investigations by MICHAEL 1” showed that 
the principle of the minimum possible change in structure,—here then of 
change in configuration—, is also not applicable to addition reactions on 
double bonds. Alongside of additions in the cis-positions, MicHAEL found 
that in numerous cases complete or partial addition reactions took place 
in the trans-positions. 


(v2) SUBSTITUTIONS ON AN ASYMMETRIC CARBON ATOM 


In order to determine whether in a substitution on an asymmetric carbon 
atom the configuration remains intact, the configurational relationships 
between the initial substance and the products of the reaction must be 

it BP. WaLpvEN, Ber., 29 (1896) 133; 30 (1897) 2795, 3146; 32 (1899) 1833, 1855. 

108 A. v. BAEYER, Ann., 245 (1888) 136. 

106 TH. ZINCKE, Ann., 198 (1879) I15, 191. 


107 A, MICHAEL, J. prakt. Chem. [2], 38 (1888) 6; 40 (1889) 29; 43 (1891) 587; 46 (1892) 
209, 381; 52 (1895) 280; 75 (1907) 105. 
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known. The establishment of this fact, however, often involves considerable 
difficulties ; we shall therfore enter into the solution of this matter only later 
on. Even in ignorance of the question of whether the configuration has or 
has not remained intact in a particular reaction just under consideration, 
there is still a possibility of recognizing quite generally that configurational 
changes are possible, and indeed quite frequent, during substitution reactions 
on a center of asymmetry. 

In the case of compounds with one asymmetric carbon atom it is for 
example possible to obtain at will, from a uniform optically active compound 
by means of substitution, either the one or the other optical antipode of 
the substitution product in a practically pure form, or contaminated with 
the other, 7.e. somewhat racemized. The classical examples thereof are the 
transformations of the optically active halogeno-succinic acids into the 
active hydroxysuccinic acids: /aevo-chlorosuccinic acid when treated with 
potassium hydroxide yields the dextro-, when treated with silver hydroxide 
the /aevo-rotating hydroxysuccinic acid. In one of the two processes,—in 
which remains for the time being still an open question, since equal sense 
of rotation of the hydroxy- and of the chloro-succinic acids cannot be taken 
as a basis for configurative congruency (See p. 539)—, therefore, a change of 
configuration must have taken place. This. fact was first observed by 
WALDEN !°8 for compounds with one asymmetric carbon atom, on the 
example just named above; the case of a substituent not occupying the 
geometrical position of its predecessor is therefore known as the WALDEN 
Inversion 1, On the basis of this phenomenon it is possible by means of 
a series of suitably chosen transformations to pass from one optical antipode 
to the other. The following schemes based on the experimental results of 
WALDEN and of Emir FiscHER 1 give a picture of such reaction cycles: 
(See p. 530). 

The sense of rotation of the individual compounds is here indicated by 
a + for dextro-rotation and a — for laevo-rotation (For details see p. 539). 

As already mentioned, the substitution reactions on an asymmetric carbon 
atom frequently do not yield optically pure, but rather partially racemized, 
compounds, regardless of whether the substitution takes place without a 
change in configuration or involves predominantly a WALDEN inversion. 
In the most general case, then, substitutions which on the one hand lead 
to compounds of the same configuration, and those which lead to compounds 
of opposite configuration, proceed side by side as separate and distinct 

10 P. WALDEN, Ber., 29 (1896) 133; 30 (1897) 2795, 3146; 32 (1899) 1833, 1855. 
For a comprehensive review see: P. WALDEN, Optische Umkehrungserscheinungen 
(Optical Inversion Phenomena); Braunschweig, Vieweg. 1919. 


109 E, Fiscuer, Ber., 39 (1906) 2895. 
110 —, FiscHer, Ann., 340 (1905) 171. 
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reactions with different reaction velocities. One might think of drawing 
conclusions as to the relations of the two reaction velocities from the value 
of the optical rotation of the final product-mixture obtained. In this con- 
nection one must however consider that secondary racemizations that have 
nothing to do with the actual substitution reaction may easily occur; that 
these may be the result of causes already discussed earlier, and thus falsify 
our picture of the true state of affairs. 

In the case of reactions of compounds containing several asymmetric 
carbon atoms, the occurrence of.a partial WALDEN inversion, 7.e. the simul- 
taneous concurrence of a substitution reaction involving exchange of position 
or configuration with one involving no change of configuration or exchange 
of position, can be recognized very easily. For ‘in this ‘case a sterically 
homogeneous compound will yield a mixture of diastereo-isomers which will 
in general be very easy to separate. Into this category belong a number of 
cases already mentioned, and discovered previous to the systematic studies 
of WALDEN, on substitutions on compounds with one asymmetric carbon 
atom. Already in ZINCKE’s first paper the problems of the WALDEN inversion 
are found to be experimentally very precisely worked out, and von BAEYER 
had already seven years ahead of WALDEN very clearly expressed his view 
as to the non-applicability of the principle of least possible structure change 
to problems of the determination of configuration involving, or based upon, 
substitutions on centers of asymmetry. 

In the case of the reactions of the two isomeric hydrobenzoins or 1,2-di- 
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The reaction-transformations can be represented in the following 
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* * : 
phenylglycols, Cs;H; -CHOH—CHOH—C,H,;, ZINCKE "1 found on the basis 
of his studies that their structural identity could be regarded as proved. 
Later on their configurations were established by the separation of the 
racemic from into the two optical antipodes ™?. The reactions of these two 
isomers give the following picture: 

Racemic-1,2-diphenylglycol with phosphorous pentachloride yields a 
homogeneous dichloride melting at 193°; the meso-glycol on the other hand 
yields a mixture of two dichlorides, of which one is identical with that 
obtained from the racemic compound, while the other one melts at 93—94° C. 
Phosphorus trichloride yields,—though in a less smooth reaction,—the same 
dichloride melting at 193° 43 whether we start out with the racemic or 
with the meso-diglycol. When treated with silver acetate in glacial acetic 
acid solution both dichlorides undergo reaction to yield a mixture of rac- 
and meso-1,2-diphenylglycol-diacetate, with the racemic form strongly 
predominant ; with silver benzoate in xylene solution either of the dichlorides 
also yields a mixture which in this case consists mainly of the meso-diben- 
zoate. 

These observations of ZINCKE suffice completely to establish the following 
important points: 

The steric course of a substitution reaction depends both upon the spatial 
structure of the initial substance as well as upon the reagent used: the 
same reagent, in this case phosphorus fentachloride, with one of the isomers 
yields a homogeneous, while with the other it yields a nonuniform reaction 
product; another reagent, in this case phosphorus ?¢richloride, yields one 
and the same reaction product with either of the two isomers; hence 
in the one case no change of configuration has taken place, in the other 
case the change of configuration has been complete. Furthermore, in a 
comparison of his experiments on the transformation of the chlorides 


411 TH. ZINCKE, Ber., 10 (1877) 1003; Ann., 198 (1879) 115; see also R. Firric and 
H,. AMMANN, Ann., 168 (1873) 73, 77. For more recent investigations on the reactions 
of the diastereoisomeric stilbene dichlorides with silver acetate, see S. WINSTEIN and 
D. Seymour, J. Am. Chem. Soc., 68 (1946) 119. Traces of water in the glacial acetic 
acid may cause the reaction to run differently than in truly anhydrous glacial acetic 
acid; the meso-dichloride yields 93 % of meso-diacetate in anhydrous or pure glacial 
acetic acid; but 92 % vac.-diacetate in the presence of more than one mole of HAG 
The vac.-dichloride yields 77 % of meso-diacetate without, and 86 % of vac.-diacetate 
in the presence of more than one mole of H,O. ZrincKE must therefore have done his 
work with somewhat moist glacial acetic acid. 

112 E. ERLENMEYER Jr., Ber., 30 (1897) 1531. 

48 The configuration of the two dichlorides was established by A. WEISSBERGER 
and H. Bacu, Ber., 64 (1931) 1095, by a proof of absolute configuration : The 193° di- 
chloride is the meso-compound, the 93—94° dichloride is the racemate, which may 


also be obtained by mixing together its two optically active components, each melting 
at 80° C, 
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with silver acetate and with silver benzoate, ZINCKE interprets his results 
to mean that in this case it may be the solvent that plays a decisive réle. 
As regards the spatial models of VAN ’t Horr, which at that time had 
not yet achieved general acceptance, ZINCKE says ™ that while they do 
explain the number of the isomeric hydrobenzoins and of the chlorides, 
they still do not explain the differences in their behavior. Already, 
then, in the case of this very first thoroughly investigated example, the 
failure of the spatial models to describe the course of chemical reactions 
was expressly pointed out. 

BAEYER was able to give still clearer expression to this fact. For him 
- the stereoisomerism of the hexahydroterephthalic acids and of the bromo- 
hexahydroterephthalic acids, which he had transformed one into the other, 
was no longer in doubt. On the basis of his observations that the homogene- 
ous cis-trans-isomeric acids always yield two «-brominated-stereoisomeric 
acids, while conversely the homogeneous bromohexahydroterephthalic acids 
when subjected to reduction always yield a mixture of the two stereoisomeric 
hexahydroterephthalic acids, he says ™: 

“The stability of the grouping of the four atoms joined to a single carbon 
atom, which makes possible the existence of geometrically isomeric com- 
pounds, ceases in the case of every chemical attack that takes place on the 
asymmetric carbon atom itself. How much of the one or of the other geo- 
metrical form will result depends on the experimental conditions of the 
reaction’. 

The reactions observed by VON BAEYER are illustrated by the following 
graphical formulas: (See page 534) 

The phenomena of the WALDEN inversion occur, as one sees from these 
remarks of ZINCKE and of v. BAEYER, in compounds with several asymmetric 
carbon atoms in exactly the same way as in compounds with a single asym- 
metric carbon atom. We are therefore justified in speaking quite generally 
of a WALDEN inversion when a change of configuration occurs as a Con- 
sequence of substitution on a center of asymmetry. It is true that at first 
sight there seems to be a difference between the transformation of an 
optically active substance to one having the configuration of its antipode, 
and the transition of a compound occurring in a diasteréo-isomeric form 
to one in which the configuration is not that of the mirror image, but rather to 
another diastereo-isomeric arrangement. In the first case both of the two 
substances which can be formed have, as optical antipodes, the same 


4 TH. ZINCKE, Ann., 198 (1879) 201. 
5 Ay. BAEVER, Amn., 245 (1888) 136; the reference there made as to the thermal 


instability of the configurations is omitted here because it is regarded as incorrect 
(Compare This Tet, p. 498 footnote 3). 


534 STERIC REARRANGEMENTS Vil 


HOOC iE 
\ , 


‘ 








2 en 
DS wh HOOC’ “H 
cis-Hexahydro- __ ¢ts-Bromo-hexa- 
terephthalic acid ine hydroterephthalic 
Sa acid 
Figs ours Van me Br = COOH 
) fees ett Sa A 
i ) 
HOOC’ “H HOOC’ ~H 
tvans-Hexahydro- tvans-Bromo-hexa- 
terephthalic acid hydroterephthalic 


acid. 


energy content; in the second case, the change in the arrangement on a 
center of asymmetry can only act to produce diastereomers with different 
energy contents. But even the dependence of the course of a substitution 
reaction on the experimental conditions for both types of compounds shows 
that the direction in which the process goes is not determined by the energy 
content of the reaction product; there is hence no reason for considering 
substitutions on compounds with only one center of asymmetry separately 
from all others 16, , 
Experience gained in the course of time on the most varied classes of 
substances as regards substitution reactions on asymmetric carbon atoms 
leads to a recognition of the fact that the phenomenon of the WALDEN 
inversion occurs quite generally, and is, so far as our experience extends, 
just as frequent as substitution without change of place of the atoms. 
It (the WALDEN inversion) is therefore not restricted to certain constitutive 
peculiarities of the compound subjected to attack at its asymmetry center, 
and is therefore different from racemization, which was formerly also 
believed to be quite general, but for which certain constitutive peculiarities 
are prerequisite “7, It is therefore necessary in this connection to point out 
that the WALDEN inversion is not confined to the exchange of substituents 
located in the position « to the carboxyl group "8, even though it has been 
observed most frequently just in the case of the o-substituted carboxylic 
acids. This is true however only because just these substances have been 


116 In this connection see also W. Htcket and H. Prerrzox, Ann., 540 (1939) 260. 

“7 Originally Emit Fiscuer believed that he could point out parallelisms between 
the WaLDEN inversion and racemization, Ber., 40 (1907) 494. 

18 FE, Fiscuer and H. SCHEIBLER, Amn., 383 (I91I) 337. 
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investigated most thoroughly, and because in them, besides, the otherwise 
often difficult exchange of halogen for other substituents usually takes place 
quite smoothly and without a change of structure 1% 12°, 

The great difficulties that arise in the way of a theoretical treatment of 
the problem of the WALDEN inversion are evident already from the fact 
that only seldom is it possible to derive any empirical regularities or laws 
based purely on the experience obtained from the experiments. The facts 
already established by ZINCKE in the case of the diphenylglycols are met 
with again and again, and they will therefore be illustrated by a few further 
examples. 

One and the same reagent will react differently depending on the nature 
of the compounds acted upon, even when these are very closely related. 

-Thus alanine and alanine ester react differently with nitrosyl bromide: 


{ + -CH,—CH—COOH — -CH,—CH—COOH 
+ NOBr—> | 
NH, Br 
Dextro-rotating Laevo-rotating 
Configu- alanine bromopropionic acid Configu- 
ratively Rater: | * rete ratively 
equal. fication | | “oe is opposite 
— -CH,—CH—COOC,H, + -CH,—CH—COOC,H, 
+ NOBr—> 
NH, Br 
Laevo-rotating Dextro-rotating 
alanine ester bromopropionic ester 1*! 


Alkali hydroxide and silver hydroxide, which act sterically differently 
in the conversion of the halogenated succinic acids to hydroxysuccinic acids 
(See p. 530), do however both hydrolyze the optically active «-phenylethyl 
chloride to give the same «-phenylethyl alcohol : 


118 Compare the discussion of MEISENHEIMER-Kuun, Ber., 58 (1925) 1491 and 2880. 

120 Any interpretation of the WALDEN inversion that might seem plausible as a 
result of experience gained from the racemization phenomena exhibited by these acids 
must therefore be abandoned. One could for example assume in the case of «-sub- 
stituted carboxylic acids, in place of direct substitution, an addition to the double 
bond of the tautomeric enol form, with subsequent splitting out of HCl, if one at 
the same time assumed the auxiliary hypothesis that the addition takes place more 
rapidly than the hypothetic enol form formed from the active compound becomes 
stabilized to the normal planar, and therefore inactive, arrangement, the formation 
of which would signify a racemization. Compare O. Ascuan, Ann., 387 (1912) gand 18, 
footnote. 

121 J. FiscHer, Ber., 40 (1907) 489. The ester of the dextro-rotating %-amino- 
propionic acid rotates the plane of polarized light slightly to the left (loc. cit. footnote 
on p. 500); the ester of the dextro-rotating «-bromoproplonic acid turns the plane 
to the right. See also This Text, pp. 537—538- 

122 A. McKeEnziE, J. Chem. Soc., 103 (1913) 687. 
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C,H;—CHCl NaOH or C,H,;,—CHOH 





CH, AgOH CH, 
Dextro-rotating Laevo-rotating. 


The influence of the solvent ?*8 is illustrated for example by the trans- 
formation-reaction of phenyl-bromo-acetic acid with ammonia: 


NH, in H,O or 
Sy tye —CHNH,—COOH 
alcohol het 


NH, in CH,CN 
—___———_" — > 
or in liquid NH, 


—-C,H,—CHBr—COOH 
— -C,H;—CHNH,—COOH 


The influences of the concentration 14 and of the solvent are shown in 
a very clear and remarkable way by the transformation of active «-phenyl 
methyl amine: 


C,H; NH, CoH, an 
ek. Diazotization ee 
ae ee eee 
HW \cH, H/ \cH, 


The rapid reaction in glacial acetic acid leads to an alcohol opposite in 
sense of rotation to that formed by the slow reaction in strongly diluted 
acetic acid 1°. No corresponding behavior has as yet been observed in the 
case of other amines 226, 

The influence of the temperature on the steric course of a substitution is 
shown most clearly in the case of the reaction between gaseous hydrogen 
bromide and the «-phenylated normal alcohols of the paraffin series 127 


CHa. seats Catlos Jos Catt Jools 

C II C rit Cc 
HY Nou HY Nou H” Nou 
a“-Phenylethyl alcohol. a-Phenyl-n-propyl alcohol. a-Phenyl-n-butyl alcohol. 
Methyl-phenyl-carbinol Ethyl-phenyl-carbinol n-Propyl-phenyl-carbinol. 


a 


The rotation of the bromides formed from the dextrorotating alcohols 
at 0° C. is slightly to the right, and increases quite strongly with decreased 
reaction temperatures down to —30° C. (I up to +50° at —28° C.); and 
then at slightly lower temperatures rapidly falls to zero. For I as well as 
for II this temperature of zero rotation product is —36° C. At still lower 


123 G, SENTER, J. Chem. Soc., 107 (1915) 638, 908 ; 109 (1916) 690, IOQI; III (1917) 
447; 113 (1918) 140, I51; 125 (1924) 2137; 127 (1925) 1847; for the influence of the 
concentration compare also footnote 124. 

24 B. HOLMBERG, Ber., 59 (1926) 125. 

125 E. Orr, Ann., 486 (1931) 186, 

26 W. HUcKEL, Ann., 533 (1937) 43. 

#7 P. A. LEVENE and A, RotHEN, J. Biol. Chem., 127 (1939) 237. 
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temperatures the reaction product takes on a leftward rotation; thus for I 
at —8o° C the rotation is about —100°. The significance of hase observa- 
tions goes beyond the establishment simply of a dependence of the steric 
course of a substitution reaction on the temperature. Thus even the assump- 
tion that the substitution with reversal and the substitution without reversal 
of rotation are two quite different processes (See pp. 530, 538 etc.) with very 
different temperature coefficients of reaction, is not sufficient to explain 
these observations. Rather it is necessary to assume even more than two 
yes, at least three, different concurrent chemical substitution fipehmbiaids! 
each possessing a different temperature coefficient, in order to be able to 
interpret the existence of the maximum of dextro-rotation for the product 
formed at about —30° C. In case we assume only two chemical mechanisms 
the change of magnitude of rotation with temperature could. be in one 
direction only. 

In the case of all previously cited reactions it is at first irrelevant whether 
or not a certain process is connected with a WALDEN inversion. From the 
experiments we can only conclude that in one of the two corresponding 
processes, the substitution must have taken place with a change of configura- 
tion. It is possible to penetrate more deeply into the problem only when we 
know with certainty in which processes the configuration remains intact, 
and in which it is changed. This question can, however, up to the present 
time, be answered in only a few rare cases, because the determination of the 
configuration of compounds which are derived by substitution on an asym- 
metric carbon atom in all cases involves a factor of uncertainty, if not 
indeed of impossibility, unless we are dealing just with symmetrically 
constructed compounds with several centers of asymmetry. The working 
out of the problem of the course of a substitution on a symmetrical carbon 
atom presupposes then, if the solution is to be a general one, the previous 
solution of the problem of the configurational relationships for compounds 
with asymmetric carbon atoms. The solution of this problem involves, 
however, very considerable difficulties. 


(vii) CONFIGURATIONAL RELATIONSHIPS IN COMPOUNDS WITH 
ASYMMETRIC CARBON ATOMS 


(a) Assignment of Configuration 


In the case of compounds with only one asymmetric carbon atom we 
can up to the present time be absolutely certain in not a single case whether 
two compounds have the corresponding congruent configurations. The com- 
parison of the sense of optical rotations by itself does not allow of any con- 
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clusions, as follows already from the fact that optically active acids and 
their undoubtedly configuratively analogous esters may exhibit an opposite 
sense of rotation: Examples for this are lactic acid and its esters, as wellas 
glyceric acid and its esters 28. On the basis of experimentally derived rules on 
the rotatory powers of various derivatives in the formation of which 
the centers of asymmetry are not involved, as well as on the dependence 
of rotation on the solvent and on the wave-length of the light used, it is 
of course possible to assign a certain configuration with some degree of 
probability 1°. 

FREUDENBERG }° especially has tried to make use of the laws governing 
such “‘optical displacements”’ 1%! by critically selecting individual cases for 
a determination of the configuration. By means of their help he has been 
able to establish a d- and an /-series.to which the individual compounds may 
be assigned. In both series the directions of rotation, indicated by the 
symbols + = right or dextro, and — = left or laevo, agree with the 
designations of configuration, d and / respectively, for the hydroxysuccinic 
(malic) acids. These hydroxysuccinic acids are related, by chemical reactions 
in which the center of asymmetry is not affected, to the dihydroxysuccinic 
acids (tartaric acids) exhibiting the same direction of rotation, and from 
which they are derived by cautious reduction with hydriodic acid 1%, 

Furthermore, we have similar, uniquely to be determined, configurational 
relations between the dextro-rotating malic and the laevo-rotating lactic 
acid 1%. On the other hand the configurational relationships in the series 
of the hydroxy-, halogeno-, and amino-succinic acids, and the «-hydroxy-, 
a-halogeno-, and «-amino-propionic acids, among which a transformation 
from dextro to laevo or vice-versa, 


me P. KarrER, Helv. Chim, Acta, 9 (1926) 303, 323; compare also K, FREUDENBERG, 
Ber., 57 (1924) 1547; 58 (1925) 1753. Compare also This Text, pp. 538—539, footnotes 
133—135. 

”° The first indication that it is possible to determine configurations by this method 
is found in L. J. Simon, Compt. Rend., 132 (1901) 487; later also P. FRANKLAND, a 
Chem. Soc., 103 (1913) 718; also G. W. CLouGH, J. Chem. Soc., 113 (1918) 526. 

180 K. FREUDENBERG, F, Brauns and H. SIEGEL, Ber., 56 (1923) 193; K. FREUDEN- 
BERG and F, Rurno, Ber., 57 (1924) 1547; K. FREUDENBERG and L. MARKERT, Bey., 
58 (1925) 1753; 60 (1927) 2447. ; 

131 For details see WirTIG, Stereochemie, p. 61 etc. 

mg G. J. W. Bremer, Ber., 8 (1875) 861. For doubt as to the justification of using 
this transformation with a yield of only 2 % as evidence, see K. FREUDENBERG, Ber. 
47 (1914) 2029. An unobjectionable method of proof, which leads over chloromalic acid, 
was developed by K. FREUDENBERG and F. Brauns, Ber., 55 (1922) 1339. The mode 
of formation of the acetyl chloromalic acid-dimethyl ester prepared for this purpose 
(by the use of thionyl] chloride in pyridine solution) does with almost complete certainty 
exclude the possibility of an intramolecular rearrangement (Compare p. 253) on the 
two asymmetric carbon atoms, 

188K. FREUDENBERG, Ber., 47 (1914) 2027. 
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‘ii ‘ois COOH 
H—C—OH H—C—OH H—¢_oH 
ae => | 
Bee ta H—C—H CH, 
COOH COOH 
d(-+-)-Tartaric acid d(-+-)-Malic acid d(—)-Lactic acid, 


can be effected only by means of a direct substitution on the center of 
asymmetry, can be given, on the basis of the principles used by FREUDEN- 
BERG, only with certain reservations. This can be seen from the following 
summary scheme: 


In the d-series we have: ; 
COOH COOH COOH 


| 
oem sooo —- H—C—Cl >» H—C—NH, 
CH,COOH CH,COOH CH,COOH 
+ -Hydroxysuc- + -Chloro(and — -Aminosuc- 
cinic acid Bromo)-succinic acid cinic acid, 
| 134 iF 135 
ad COOH COOH COOH 
| 136 
 Theiea cose —-  H—C—Cl ->- > H—C—NH, -- > H—C—OH 
| 
CH, CH, CH; C,H; 
— -a-Hydroxy- + -«-Chloro-(and — -x-Amino-pro- — -Mandelic acid. 
propionic acid Bromo)-propionic acid pionic acid 


The chemically completely definitely established relationships are shown 
by full-line arrows, those established only by a comparison of the magnitudes 
of rotation under various conditions are shown by dotted-line arrows. 
Where-ever a comparative control of the optical configurational deter- 
mination is possible by a determination based on chemical methods, as in 
the case of aminosuccinic acid and of «-aminopropionic acid, no contradic- 
tions have been found as yet;-however, such cases in which control is 
possible are rather rare 1°”. 

For this reason it is of great value that there is still another way 
which makes possible the assignment of a definite configuration to compounds 

134 K, FREUDENBERG, Ber., 47 (1914) 2027. 

135 P. KARRER, Helv. Chim. Acta, 6 (1923) 957; see also for further literature. 

136 K. FREUDENBERG and F.. Ru1no, Ber., 57 (1924) 1547- 


137 For the problem of the configurational relationships between the optically active 
hydroxy- and amino-acids, see also A. FREDGA, Svensk Kem. Tidskr., 53 (1941) 221; 
54 (1942) 26. 

138 Still another method w 
melting-point diagrams. Substances with analogous ¢ 
crystals, while those with opposite configurations more 0 


138 


hich can give valuable indications is the investigation of 
onfigurations often yield mixed 
ften yield molecular compounds 
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with only one asymmetric carbon atom. While in this case too, experiment- 
ally derived laws are used, they are of an entirely different kind from those 
used by FREUDENBERG. As was shown by the example of the dihydroxy 
and the monohydroxysuccinic acids, the configurations of compounds with 
two centers of asymmetry can be related uniquely to the configurations of 
substances with only one center of asymmetry by means of chemical reac- 
tions. In the case of optically active substances with two asymmetric carbon 
atoms, as for example the +-dihydroxy and the --dichlorosuccinic 
acids, there are however still other possibilities, besides the mere comparison 
of the rotations, for determing configurative relationships. In particular, 
such substances can be transformed one into the other via substances with 
two unlike centers of asymmetry. These substances exist in diastereo- 
isomeric forms, which differ from one another not only as regards rotation, 
but also as regards their other physical properties. In the case of the example 
named, such a transformation would proceed via hydroxychlorosuccinic 
acid as follows: 


oer COOH COOH 
| 
H—C—OH H—C—OH H—C—Cl 
I | Ila | IIIa | 
“ee a C1—C—H Cl—C—H 
| | 
COOH COOH COOH 
d,d(+)-Dihy-  d-Hydroxy-d-chloro- _d,d-Dichlorosuc- COOH 
droxysuccinic acid succinic acid cinic acid 
corresponding to ne H—C—Cl 
d( +) -hydroxysuc- i or IIIc | 
cinic acid COOH COOH H—C—Cl 
(See p. 538, foot- | 
note 132) H—C—OH Cl—C—H COOH 
IIb | IIIb | d.LDichl aed 
HAGE! Hotes) ,J-Dichlorosuccinic 
| | acid, inactive meso- 
COOH COOH soem, 
d-Hydroxy-l-chloro- _/,/-Dichlorosuccinic 
succinic acid acid, 


d,d(+-)-corresponds to d(+)-chlorosuccinic acid. 
1,/(—)-corresponds to /(—)-chlorosuccinic acid, 
(See also p. 541, footnote 142), 


If now we use the, for the time being determinable only by experience, 
regularities found by a comparison of the most varied physical properties 
of the unsymmetrically constructed diastereomers with those of the 
symmetrically constructed compounds, we can then proceed to a configura- 


(‘active racemates”’ according to DELEPINE). See J. TIMMERMANS, Rec. Trav Chim 
48 (1929) 890; 51 (1932) 585; Bull. Soc. Chim. Belgique, 40 (1931) 689; I (1 2) aa 
etc. Also A. FREDGA, Arkiv Kemi, Mineral. Geol., 14 B, No. 12 and 27 as es B 
No. 21 (1942); 16 A, No. 21 (1943); 18 B, No. 4 (1944); 24 A, No. 32 anes a 
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tive assignment or classification, such that in the case mentioned one of the 
two diastereo-isomeric hydroxy-chloro-succinic acids belongs in the meso 
series while the other one belongs in the racemic series. If then we have a 
whole sequence of reactions leading from one symmetrically constructed 
substance via these unsymmetrically constructed substances to another 
symmetrical substance, then it is possible to state for every stage of the 
reaction whether or not a WALDEN inversion has taken place, and thus we 
know also the configurational relationships of the initial and the final 
products of this series of reactions. Since their interrelationship with the 
corresponding compounds containing only ome center of asymmetry is 
established definitely by means of transformations in which only a szngle 
one of the two like centers of asymmetry is attacked and destroyed, their 
configurational relationships are also determined ™’. 

This is the path taken by R. Kunn 1° for the determination of the 
configurations of the hydroxy and chlorosuccinic acids; the therefore 
necessary assignment of the two diastereo-isomeric hydroxychlorosuccinic 
acids to the meso and to the racemic series respectively is based essentially 
on a comparison of the ratios of the first and second dissociation constants 
for the meso- and the racemic forms 1. The transformation leads, when 
thionyl chloride is used to “‘esterify”’ the hydroxyls, from the d,d(-+-)-tartaric 
acid (I) via the d-hydroxy-l-chlorosuccinic acid (IIb), which is formed as 
the quantitatively by far predominating product (up to about 90 %, 
while the d,d-acid is formed to the extent of about 10%), to the 1,1(—)- 
dichlorosuccinic acid (IIIb). The reaction therefore takes place under 
predominantly twice-repeated WALDEN inversion. The relationships thus 
established between d(-++)-hydroxysuccinic acid and 1(—)-chlorosuccinic 
acid 42 are in agreement with those derived by FREUDENBERG from the 
optical behavior. The reactions used by KunHn to determine the configura- 
tion are then the following (p. 542): 


139 What care must nevertheless be taken in drawing conclusions on the basis of 
a comparison of the physical properties of diastereo-isomeric compounds is shown by 
the example of the symmetrical dimethylsuccinic acids which v. BAEYER compared 
and contrasted with the hexahydrophthalic acids (Ann., 258 (1890) 180). In this 
comparison, however, the configurations assumed were just the opposite to those 
which were later found to be correct when the absolute configurations of the dimethyl- 
succinic acids were determined by splitting the racemic form (see A, WERNER and 
M. Basyrin, Ber., 46 (1913) 3229). 

1440 R. KuHN and TH. WAGNER-JAUREGG, Ber., 61 (1928) 481, 483, 504. 

141 Joc. cit. footnote 140, p. 490. 

42 The assignments /,/(—)-dichloro- and J(—)-chlorosuccinic acid, which can in 
principle be carried out, beyond question of a doubt, by a chemical method,—.é. sub- 
stitution of a chlorine atom by hydrogen—were however made by KuHN on the basis 
of optical data, because of the failure of the method of reduction he had chosen. 
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d-Hydroxysuccinic acid see p. 538, footnote 133. 


d-Hydroxy-d-hydroxysuccinic acid = d,d-dihydroxysuccinic acid. 
| Cl, 
d-Hydroxy-/-chlorosuccinic acid 
SOC]I, — 
1-Chloro-/-chlorosuccinic acid = /,/-dichlorosuccinic acid. 
see p. 541, footnote 142. 


l-Chlorosuccinic acid. 


The assignments of the configurations of stereoisomeric compounds with 
several asymmetric carbon atoms can be carried out not only by a compari- 
son of the physical properties, but also by a comparison of the velocities 
of reaction. Because the relationships between the reaction velocities and 
the spatial structures of molecules have as yet been only little investigated 
from a theoretical point of view, these comparisons are also largely of an 
empirical nature. SkITA 43 was the first to try to establish configurations 
by this means. If by the creation of a new center of asymmetry diastereo- 
isomers can be formed, it is found that the ratio of the amounts of the isomers, 
as given by the relative velocities of formation, will depend on the experi- 
mental conditions. Thus, for example, when the tvans-«-decalone is hydro- 
genated in an acid solution, the product is predominantly a substance 
melting at 49° C (the c7s-form with respect to the hydroxyl group and the 
neighboring substituent (Vol. II, Book IV, Chapter XIX)), while when the 
reduction is carried out by means of sodium the product is predominantly 
a stereoisomeric form melting at 63° C. When then, starting with similarly 
constructed substances and subjecting them to similar experimental condi- 
tions, we obtain diastereo-isomers, then the relative amounts of the possible 
diastereo-isomers are frequently about the same. From this we conclude 
that the two (or more) substances formed in approximately the same pro- 
portions have the same configurations. The catalytic hydrogenation of the 
trans-x-decalone oxime leads to a mixture of amines, with the one melting 
at —18° predominating; the action of sodium and alcohol yields almost 
exclusively an amine melting at —1° C. Consequently we shall assume for 
trans-a-decalol 49° and trans-a-decalyl amine —x8° on the one hand, 
trans-a-decalol 63° and trans-«-decalyl-amine —x° on the other hand, the 
same configuration, as the following graphical formulas show ™4 (See the 
formulas on p. 544). 

Since by means of the transformation reaction with nitrous acid the de- 
calyl amines can be converted to the decalols, it is now possible to recognize 
the steric course of the reaction. This has been included in the schematic 
table on p. 544. The simple arrow signifies a substitution not involving any 


18 A. SxitAa, Ber., 53 (1920) 1792; Ann., 427 (1922) 257. 
44 W. HUcKEL and A. Gross, Ann., 502 (1933) 110. 
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change in configuration, while the knotted arrow indicates a WALDEN 
inversion. In this connection the formation of hydrocarbons by side reactions 
(Compare pp. 460—461) has been left out of consideration. 

In individual cases it is possible to carry out quite definite assignments 
of configuration on the basis of experience that has been gained on the steric 
course of certain types of substitution reactions. Thus, for example, it can 
be determined that the dextro-rotating octanol-2- and the dextro-rotating 
2-chloro-octane do actually have the same configuration. More details are 
given below on p. 547. 


(b) Course of Reaction and the Walden Inversion 


Without going into the heart of the actual problem of the WALDEN 
inversion itself, we can, from the fact that changes in configuration may 
result from a reaction that attacks an asymmetric carbon atom, draw 
important conclusions as to the course of certain reactions. In another 
place (pp. 253 and 276) we have already made use of the results of such 
considerations. 

In the case of numerous reactions the formulation of the mechanism 
still leaves open the question as to the bond at which the molecule is attacked. 
Thus, for example, in the esterification of an alcohol with a carboxylic acid, 
we have the two possibilities 1; . 


I R—O—'H + H—O—!C—R R—O—C—R 


ih. eek Ge | = | +H,O 
or O O 
II Ri—O—H + H!—O—C—R R—O—C—R 
7 t | = | +H,0. 
O 


In the saponification of an ester we can likewise conceive of two possible 
reaction paths: 
H—OH H OH 


| | 
I R—-O—C—R = R—-O + C-R 
| | 


O O 
or 
H—O—H H-O H 
7 ane 
I R—O—C_R-= ~ R+ Seti 
| 
O 


145 Compare also J. H. vAN 'T Horr, Lectures on Theoretical and Physical Chemistry, 
and German Edition, No. 3, p. 138 (1898); also A. SKRABAL, E. BRUNNER and H. 
Arro_p1, Z. physik. Chem., 111 (1924) 127; A. SKRABAL and A. M. Hucetz, Monatsh., 
47 (1926) 31; W. HUcKEL, Z. Angew. Chem., 35 (1926). 842. 
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A, 
a-Decalol, m.pt. 49° C a-Decalol, m.pt. 63°C 
Cis-position of the H-atoms (tvans-position of the 
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7 means of heavy type). 
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Cc H—C CHy 
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2tPt Na+C,H,OH 
N—OH 
i. | 
Cc C 
a a Dagon 
a bs Fes 
“P C-.-H CH, 
se H—C GH, 
Seuct nigger 
Hy, Hy 


tvans-a-Decalone oxime 137 


M46 The designation tvans- in this case refers onl i i 
y to the type of ring-linkage (Com- 
pare pp. 103—I04), a linkage that is not affected by the reactions carried ar a 
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If now the bond for which we do not. know apriori whether or not it 
is involved in the reaction, in this case then the C—O bond of the alcohol 
is attached to an asymmetric carbon atom, then, in case it is dissolved ae 
linked anew by the reaction, we must reckon with the possibility of a 
WALDEN inversion, or with a partial or a complete racemization. If then we 
observe something of this kind, we know that the bond is involved in the 
reaction. If however in the case of a large number of reaction examples we 
find neither WALDEN inversion nor racemization, we can assert with a 
probability near to certainty that the bond in question is not affected by 
the reaction 14’, It is on the basis of such experiments that we know that 
the esterification of the alcohols with the carboxylic acids, and the saponifica- 
tion of the carboxylic acid esters as well, both take place in accord with 
reaction scheme I. For in no case of the esterification of any optically active 
alcohol whose hydroxyl group is attached to an asymmetric carbon atom, 
as, for example, menthol, with a carboxylic acid, and in no case of a resapo- 
nification of the corresponding ester to the alcohol, has any change been 
observed in the spatial arrangement of the center of asymmetry to which 
the hydroxyl is attached 1%. 

In the same way it has been found by experience that in the hydrolysis 
of acetals and semi-acetals, the C—O bond of the alcohol is not drawn into 
participation in the way as formerly formulated (See p. 276) ™, as for 
example: 


HO—'H 
HyC. yer Calls HC. jou HO—C,H, 
G = C + 
HC” Oats H.C” \ou HO—C,H, 
HO—H 


The knowledge thus gained on an organic chemical preparative basis is 
strengthened by a completely different type of experiment, using the oxygen 
isotope 18O as an indicator °°. soAmyl acetate was saponified for two days 


147 This procedure for answering the question raised above was first proposed by 
B. HotmsBerG, Ber., 45 (1912) 2997. 

148 In this connection compare also E, FISCHER, Ann., 394 (1912) 360. A further 
proof is given by the esterification of neo-pentyl alcohol, (CHs); ->C—CH,0H with 
acetic acid and the chlorinated acetic acids including trichloroacetic acid, as well as 
by the saponification of the esters thus obtained ; all of these reactions proceed entirely 
normally. If in these reactions the OH-group were to become separated from the rest 
of the molecule, then, at least in the case of the esterification with hydrogen chloride 
(Compare Chapter VI, p. 406), at least a partial rearrangement to the tertiary amyl 
ester would have to take place. See O. R. QUAYLE and H. M. Norton, J. Am. Chem. 
Soc., 62 (1940) 1170. 

149 P. H, HERMANS, Z. physik. Chem., 113 (1924) 337- Compare also the experience 
derived from the chemistry of the sugars. 

160 M. Potanyi and A. L. SzaBo, Trans. Faraday Soc., 30 (1934) 508. 


546 STERIC REARRANGEMENTS VII 


at 70° C by means of sodium hydroxide dissolved in water enriched in 
terms of the oxygen isotope 18O. From the resulting 7soamyl alcohol, water 
was then split off using bauxite as the dehydrating catalyst, and the water 
examined for its #8O content. Since no excess of 1#8O could be found, 
this water was merely normal water. Hence no foreign oxygen had found 
‘its way into the alcohol, a thing that would be demanded by reaction 
scheme II; this furnishes the proof that the splitting of a carboxylic acid 
ester does not take place at the carbon atom of the alcohol 151, 

It would lead us too far at this point to enter into further details of the 
experience derived in the esterification of alcohols with other oxygen- 
containing acids besides the carboxylic acids, as well as in the saponifications 
of the corresponding esters *. In connection with this problem of the 
WALDEN inversion, the fact first established by KENYON and PuItips 3, 
that a fission of the sulfonic acid esters takes place differently than does 
‘the fission of the carboxylic acid esters, and that it can attack at the C—OQ- 
bond of the alcohol 14, has acquired a very special importance. The proof 
for this was carried out on the basis of the fact that in the formation of the 
ester the C—O bond was certainly left untouched, and that, following 
fission, a change in configuration could be established nonetheless. Various 


1 For further details on ester saponification, which are however of no furthec 
interest here in connection with the WALDEN inversion, as well as on the catalyti, 
effects of H’ and OH’ ions, and the intermediate stages occurring in this reaction 
see Chapter X, p. 744 etc. 

16? See in this connection W. HUckEL, Z. angew. Chem., 39 (1926) 842; also W. HicKEL 
and E, FRANK, Ann., 477 (1930) 137. Furthermore, A. KirRMANN, Bull. Soc. Chim, 
France [5], 1 (1934) 254. KiRRMANN compares the velocity of the hydrolysis of the 
carboxylic acid esters of the allyl type with that of other types of esters, and finds 
that both velocities are of the same order of magnitude, while in the case of the halides 
the velocities differ by a factor of 2 orders of Io, or one hundred. For this reason he 
holds that the fission of the carboxylic acid esters and of the halides cannot take place 
at the same point. 

188 J. Kenyon, H. Puiturps‘and H. G. TurLey, J. Chem. Soc., 127 (1925) 399; 
H. Puituirs, J. Chem. Soc., 127 (1925) 2565; G. A. C. Goucu, H. HunTER and J. 
Kenyon, J. Chem. Soc. (1926) 2052. The possibility of a difference in the Sapo- 
nification of the carboxylic and sulfonic acid esters was probably first pointed out by 
J. Ferns and A, Lapwortn, J. Chem. Soc., tox (1912) 273. From the hydrolysis of 
(CH;0),PO with heavy water it follows that™in an alkaline solution predominantly 
the bond between P and O is split, while in an acid or neutral solution it is predomin- 
antly the bond between O and CH, that breaks, E, BLuMENTHAL and J.B. M. HERBeErr, 
Trans. Faraday Soc., 41 (1945) 611. 

164 Under suitable circumstances, as in the Saponification with alcoholate, to all 
appearances a splitting of the O—S-bond takes place, so that the alcohol is reobtained 
again without a change in configuration, although only in small amounts and alongside 
of unsaturated hydrocarbon and ether. W. HUcxet and H. PIETRZ0k, Ann., 543 
(1940) 232. In the saponification of the acid sulfates of the sterol series, the WALDEN 
inversion is completely absent. See S. LIEBERMANN, L. B. HARRISON and Duke 
Fukusuima, J. Am. Chem. Soc., 70 (1948) 1427. 
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alcohols were esterified with para-toluene sulfonylchloride in pyridine; the 
ester formed was then treated with potassium acetate in alcoholic solution: 
in each case a complete WALDEN inversion was observed: 


mn: Ry 
gf Out Gl |SO.C,11,.—> Oko, —GsH, 
R, } R, “i Le 
a oO 
aay } Paty | 
Ci-O—SO,C,H, — Cates Crk 02 S04 -C:tty. 
R,’ | 3 R, 


The effect of this trans-esterification or ester-interchange on the center 
of asymmetry is therefore quite clear. 

Under other experimental conditions only a partial change in configura- 
tion took place. The questions that thereby arise in connection with the 
problem of the WALDEN inversion will be discussed in detail further on 
below. 

If now we make the assumption, quite probably a true one, that the 
halides will under similar circumstances behave in a substitution reaction 
just as do the toluenesulfonic acid esters, we can by this means establish also 
the configurations of the halides themselves. This method of proof was 
used by HucueEs, INGotp and MASTERMAN !”° for active octanol-2 (6-sec. 
n-octyl alcohol), CH,;—(CH,);—CHOH—CHs, in order to establish the 
configurational relationships between the alcohols and the halides derived 
therefrom. Since all the halides on ester-interchange with potassium acetate, 
as well as the toluenesulfonic acid esters, by saponification, yield an 
octanol-2 with opposite sense of rotation, the compounds with the same 
sense of rotation must all belong to the same steric series, for, on the basis 
of the above made assumption, one must in all cases assume the occurrence 
of a WALDEN inversion. 


(viii) EXPERIMENTAL KNOWLEDGE ON THE WALDEN INVERSION 


The difficulties which confront us when we seek to determine the configu- 
rations of diastereo-isomeric and optical antipodes differ from case to case, 
and have to be overcome by special, often tedious work, before we are 
able, by a variation of the manifold factors which we know by experience 


165 E. D. Hucues, C. K. Incorp and St. MASTERMAN, J. Chem. Soc., (1937) 1196 
1197. 
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to influence the spatial course of a reaction, to get at the really fundamental 
problem of the WALDEN inversion itself. Corresponding to this, the number 
of reactions in which one can, either with complete certainty or with at least 
a greater or lesser degree of probability, know whether a substitution reaction 
has taken place with or without configurational change of position, is also 
very small. We are indeed completely sure only when the configurations 
of both the initial and final products have been determined and established 
from an absolute point of view. Up to the present time, however, this has 
been achieved in the case of only two transformation reactions, 7.e. for the 
hydration reactions of both the two stereoisomeric ethylene oxide dicar- 
boxylic acids as studied by KuHN and EBEL 8, These take place in accord 
with the following scheme: 


OOH COOH 
COOH, i 
| 


ms a Ee MAOH 
O 
D> Ce gc H—C—OH 
yee x y | 
COOH COOH 
Cis- meso- 
COOH COOH 
Cx H—C—OH 
| »o 
CK 
mia 





40% ‘\. HO—C—H 
H jane COOH 
tvans- vacemtic- 
Ethylene oxide dicarboxylic acid, Dihydroxy-succinic acid or Tartaric acid. 


However, we can without question place side by side with these reactions 
those of the cyclic ethylene oxides with a single five-membered carbon ring, 
for in these latter the oxide oxygen is probably certainly in the cis-position 
on the five-membered ring. In the case of the six-membered ring, 7.e. for 
example in the case of cyclohexene oxide, we could however already visualize 
the possibility of a cis-trans isomerism-of the bicyclic system 157, So far as 
known up to the present, the hydration of the cyclic ethylene oxides always 
yields the trans-glycols: thus for example in the case of cyclopentene oxide 
the hydration that takes place involves a complete WALDEN inversion: 


6° R. Kuun and F. Eset, Ber., 58 (1925) 919. 
187 J. BOESEKEN, Ber., 58 (1925) 1470. Compare also R, Kuun, Ber., 58 (1925) 922; 
also M. BERGMANN, Ann., 448 (1926) 50. For a review on the subject see W. HtckeEt, 


Der Gegenwartige Stand dey Spannungstheorie (The Present State of the Strain Theory) 
(Book in German), p. 58, j 


Mit EXPERIMENTAL KNOWLEDGE ON THE WALDEN INVERSION 549 


Sener H,C-——G--0H 
O | 
ite. BOAh eG Fate ste FR 
Hy, ish 


By means of the determinations of configuration carried out by FREUDEN- 
BERG and Kuun, and which can with great probability be assumed to be 
correct, the courses of a large number of further individual reactions become 
comprehensible 8. It is not possible as yet, however, to draw any further 
conclusions from the experience thus gained. 

Quite apart from these is our knowledge on the replacement of the carboxyl 
group by the amino group in the HOFMANN and the CuRTIUS degradations. 
So far as known up to the present, this replacement takes place without a 
change in configuraticn, indeed even without a racemization. At the same 
time our observations here cover carboxylic acids of quite different structural 
types, as for example the methyl-benzyl-acetic acid, 


C,H,—CH,—CH——COOH ™, 
CH, 
the «-phenylpropionic acid, 
C,H,—CH—CH, ™, 
COOH 
the cis-cyclopentane-dicarboxylic acid, 


_-CH,—CH—COOH 


161 


Hy 
“CH,—CH—COOH 


as well as carboxylic acids with bridged-ring systems 162. Furthermore, the 
experimental conditions under which the degradations were carried out 
have varied widely. The uniformity of the phenomenon here observed is 
very probably to be ascribed to the fact that during the rearrangement 
which takes place on the asymmetric carbon atom, this carbon atom, along 
with the bonding electron pair which later links it to the nitrogen atom, 
wanders: This electron pair takes the place of the fourth substituent, and 


158 See the review by R. KuxHn and TH. WAGNER-JAUREGG, Ber., 61 (1928) 512. 

159 1, W. Jones and E. S. Watts, J. Am. Chem. Soc., 48 (1926) 169; also E. S. 
WaLuis and S. C. NaGEL, J. Am. Chem. Soc., 53 (1931) 2787; also JULIUS V. BRAUN 
and E. FRIEHMELT, Ber., 66 (1933) 684. 

160 C. L, ARENS and J. Kenyon, J. Chem. Soc., (1939) 916. 

161 Q, Diets, J. Brom and K. KNOLL, Ann., 443 (1925) 246. 

162 K, ALDER and G, STEIN, Amn., 514 (1934) 218. 
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thus maintains the configuration for the moment during which the structural] 
rearrangement takes place: 


x iC — = 
AT ze ze * i - 
LN: —C—N: 


See also Chapter VI, pp. 472, 481. 

For the same reason, the configuration is retained during the BECKMANN 
rearrangement 16°, 

In the case of substitutions at the bridge-head of a bicyclic system the 
WALDEN inversion 164, so far as known up to the present, does not occur. 
For if it did, then the bridge attached in the cis-position would have to 
jump over into the trans-position, a thing sterically impossible because 
of the strains that would be created thereby (Compare also the non- 
existence of a tvans-camphor, p. 101). 

Furthermore, we know the steric course of the reactions of the 2-substi- 
tuted m-octanes. The configurational relationships of these to one another 
can be considered as firmly established on the basis of the considerations 
discussed above on p. 547. On the whole, however, our knowledge on the 
steric course of the substitution reactions, in so far as concerns the types 
of the classes of compounds as yet investigated, seems to be rather one-sided ; 
this is of course due to the fact that the configurational relationships are 
known only in this small number of classes of compounds. Essentially we 
are dealing here with the following (homologous) series of compounds: 

a-substituted carboxylic acids from lactic acid up to and including 
mandelic acid, 

*-substituted succinic acids, the malic acid series, 

%,%’-di-substituted succinic acids, the tartaric acid series; 

a,a’-di-substituted ethylbenzenes, the series of a-phenylethyl-alcohol and 
its homologs, 


2-substituted n-octanes, the series of 6-octanol, 
and finally the series of the 
$-phenyl-8-hydroxypropionic acids, 


ra iH 
C 
HO” \cH,—COOH. 
163 J. KENYON and D, P, Youna, J. Chem. Soc., (1941) 263. 
164 P. D. BarTLetTr and L. H, Knox, J. Am. Chem. Soc., 61 (1939) 3184. Other 


examples will be found in P. D. BartLett and S. G. Couen, J. Am. Chem. Soc., 62 
(1940) 1183. 


viii EXPERIMENTAL KNOWLEDGE ON THE WALDEN INVERSION 551 


Within these classes of compounds, the steric course of the substitutions, 
as a function of the nature of the reagents applied and of the experimental 
conditions to which the reaction was subjected, has, however, often been 
investigated quite thoroughly. At the same time, important laws have been 
established in this connection. The attempts to interpret theoretically these 
observed regularities have not been without some success. This question 
will be discussed in more detail again further on. 

The most important laws for substitutions in these homologous series are 
the following 1: 

Hydroxyl is replaced by chlorine or bromine with a change of configuration 
if HCl, HBr, PCl,, PCI; 1, PBr,, or PBr;, to some extent even under 
different experimental conditions, are used as the substituting reagents. 
In the case of SOCI, the result obtained depends on the experimental 
conditions; in pyridine solution a change in configuration results 7%’, in the 
absence of pyridine the original configuration is retained. In the case of the 
hydrogen halide acids there is usually a considerable amount of racemization. 
The replacement of halogen by hydroxyl usually involves a change in confi- 
guration when alkali hydroxide is used as the reagent ; when silver hydroxide 
is used instead the configuration is retained. In the case of the «-phenylethyl 
alcohol series, however, both alkali hydroxide and silver hydroxide act 
alike 168, In its behavior toward PCl,, PBr,;, and HCl, /-menthol 1® departs 
from the series of the other previously investigated hydroxy compounds; 
in its case substitution takes place predominantly with a preservation of 
the configuration, except when PCI, in pyridine solution is used as the reagent, 
when a complete WALDEN inversion is effected. 

When pure PCI, in ether or petroleum ether is used, /-menthyl chloride is 
obtained in only slight excess; if the pentachloride contains some FeCl, or 
AICI, the formation of /-menthyl chloride is favored very strongly. 

Such exceptions show very clearly that, in view of the one-sidedness of 
the experimental data, great care must be exerted in the theoretical inter- 
pretation, and that one must beware of hasty generalizations on the con- 
clusions reached until such a time as experimental data on larger numbers 
of classes of compounds become available. 

165 For a summarizing review see W. A. CowpreEy, E. D. Huaues, C. K. INGOLD, 


St. MasSTERMAN and A. D. Scott, J. Chem. Soc., (1937) 1266, 1267, 1269. In this 
connection see also more recently, E. D. Hucues, C. K. Incorp and I. C. WHITFIELD, 
Nature, 147 (1941) 206. 

166 An exception is furnished by a-phenyl-n-amyl! alcohol for which, in spite of 
considerable simultaneous racemization, the configuration is retained in the reaction 
with PCi,. Compare P. LEVENE and L. A. MixesKA, J. Biol. Chem., 70 (1926) 355- 

167 Compare also R. Kunn and TH. WAGNER-JAuUREGG, Ber., 61 (1928) 513. 

168 A| McKENZIE, J. Chem. Soc., 103 (1913) 687. 

169 W. HtcKert and H. PretrzoK, Ann., 540 (1939) 250°. 
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The great extent to which the steric course of a substitution reaction may 
depend on the finer structure of the molecule, even in parts far removed 
from the center of asymmetry of this molecule, or to which it can be influenc- 
ed, is shown by our experience obtained from the transformations of the 
stereoisomeric amines when treated with nitrous acid. In the case of other 
reactions, however, and before all in the case of the ester-interchange of the 
toluenesulfonic acid esters by means of potassium acetate (See p. 547), no 
correspondingly great influence has as yet been established. These differences 
will be treated again in greater detail in our discussion of the theories of 
the WALDEN inversion. 


(7x) THEORIES OF THE WALDEN INVERSION 170 


(a) Theoretical Foundations 


In no reasonable ratio to the real experimental-empirical knowledge of 
the WALDEN inversion is the number of the so-called “theories’’,—over 
twenty already !—which have been devised either for the purpose of present- 
ing pictorially before one’s eyes merely the possibility of a WALDEN inver- 
sion, or of even making certain definite predictions as to the space or configu- 
rational course of a reaction. Taken by and large, all of these amount to the 
construction of mechanical pictures or model representations. By means of 
these models it is hoped that somehow the principle of least possible change 
in structure may be saved,—a principle which is not valid if we consider 
only the initial substances and the final reaction products,—at least for 
each moment of the reaction, and for the intermediate stages involved. This 
object is achieved by assuming that as the molecule that is destined to 
attack the center of asymmetry approaches, the four substituents on this 
center are gradually forced out of their normal positions. Whether in this 
connection we speak of pre-compounds, intermediate compounds, molecular 
compounds, or of something else similar, as the preliminary step in substitu- 
tion, is entirely beside the point, since an approach in space of the reacting 
molecules at the time of the reaction is in itself self-evident. 


7° Older theories: P, WALDEN, Optische Umkehrerscheinungen (Optical Inversion 
Phenomena) Braunschweig: Vieweg 1919; more recent literature to 1928 in G, Wirric, 
Stereochemie (Stereochemistry) P. 52, footnote 1. See furthermore W, HUckeEL, Oesterr, 
Chem, Ztg,, 42 (1939) 123. Fora presentation of this matter in the light of the most 


recent investigations see E, D. HuaGues, Aliphatic Substitution and Walden Inversion, 
Tvans. Faraday Soc., 34 (1938) 202—2ar1, 
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In the final analysis the majority of these ‘‘time-interval considerations” 171 
reduce to the scheme represented in Fig. 31a and 31b. 


Substitution of X by Y 





x 
— f 
Ss 
Fig. 3la Fig. 31b 
No change in configuration Change in configuration. 


Depending on whether one makes more or fewer special assumptions as 
to the course of a reactions, the nature of the approach, the interatomic 
distances, etc., one may either make or renounce making definite predictions 
as to the course of a chemical reaction. 

How little the pictures which had served to explain the WALDEN inversion 
could, however, be proved correct follows from the discussion on this matter 
during the years 1911 to 1913, and in which Emir FIscHER!”, A. WERNER™®, 
P. PFEIFFER 174, E. BuLMANN 175, and J. GADAMER !"6 participated. While 
these investigators did propose fundamentally quite rational pictures to 
represent the phenomenon of substitution, complete agreement between all 
those participating in the discussions was not achieved, since only rational- 
izations, but no firm theoretical conceptions, to say nothing of experimental 
proofs,—the configurational relationships in the at that time most thoroughly 
investigated series, the malic acids, were still completely unclarified !—could 
be brought unto the field in favor of the proposed reaction mechanisms. 
Furthermore, the conceptions developed were in no wise able to point out new 
paths for experimental investigations. Following this came two decades of 
almost complete silence on any new theoretical discussion of the WALDEN 
inversion. It was only in the last twenty or so years that, on the basis of 
the meantime more thorough knowledge of the structure of molecules and 
of the chemical bond, theoretical conceptions could be developed for making 
any sort of definite predictions as to the course of a substitution reaction, 


171 G, Wittic, Stereochemie (Stereochemistry), p. 51. See especially J. MEISEN- 
HEIMER, Ann., 456 (1927) 127. 

172 —, FIscuer, Ann., 381 (1911) 131; 386 (1912) 70. 

173 A. WERNER, Ber., 44 (1911) 873; Ann., 386 (1912) 70. 

174 P, PFEIFFER, Ann., 383 (1911) 123. 

175 E, BuLMANN, Ann., 388 (1912) 338. ' 

176 J, GADAMER, J. prakt. Chem. [2], 87 (1913) 328. For further papers from earlier 
as well as later years, see G. WITTIG, Stereochemie (Stereochemistry), p. 52, Leipzig, 
Akad. Verlagsgesellschaft, 1928. Of all these papers, the one by J. MEISENHEIMER, 
Ann., 456 (1927) 126, deserves special attention as one of the most significant. 
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and therewith also on the occurrence or absence of a WALDEN inversion, 
Among other things it was then found that the pictures given by the above 
named investigators could again be used, at least to some extent, though 
in a considerably modified and refined form, and so that they did permit 
certain predictions to be made, at least for a large number of cases, for the 
steric course of a substitution reaction, just the thing that was not possible 
before. Furthermore, we can recognize today that the majority of the investi- 
gators who were formerly occupied with the interpretation of the WALDEN 
inversion were all caught in one and the same error: they believed that they 
must establish for the substitution process a generally applicable mechanism : 
such a generally valid mechanism does not, however, actually exist, as will 
be explained in detail in what follows. It is of course impossible even today 
to give a well-rounded picture of the steric course of a substitution reaction. 
While it is true that the hypotheses which we shall now present, and which 
were developed essentially chiefly by INGorD and Hucues, are quite 
comprehensive, and are well able to do justice and to account well for the 
hitherto known facts, the agreement between experiment and hypothesis, 
for the as yet relatively rather narrow experimental foundations, must not 
be valued too highly, nor lead one to talk of a certain and well-established, 
generally applicable, theory. 

Hypotheses on the steric course of substitution reactions must be based 
on more general conceptions of the process of substitution. These will be 
justified in greater detail later on in connection with the discussion of the 
general problem of the course of chemical reactions (See Chapter X). Here 
we can only select therefrom, and emphasize a few essential points, a 
knowledge of which is essential for an interpretation of the WALDEN 
inversion. : 

As we know with certainty today, there cannot possibly be any one general 
theory for the process of substitution, at least not in the sense that there 
is only one picture which can represent the course of a substitution reaction. 
That which is designated as a substitution reaction, or an “entering into 
the place of’’, can well be the result of otherwise very different partial 
processes. There are then in the case of substitution, just as otherwise in 
organic chemistry, several paths that lead to the same end result, and it 
depends upon the ratios of the reaction velocities with which these various 
processes take place as to which intermediate steps will be passed through 
to the greatest extent in any given substitution process. The pictures 
sketched above, which were intended to explain the different steric courses 
taken by a substitution reaction by the assumption of different directions 
of attack of the reacting substance, by no means exhaust the multiple 
possibilities in the course of a substitution reaction. 
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Setting out from the most general point of view, and leaving aside for 
the time being the more special problem of the spatial course of a reaction, 
INGOLD 17 has undertaken a classification of substitution mechanisms. At 
this point it will suffice to impart a partial understanding of the conceptions 
developed by INGOLD. These will be considered in greater detail later on in 
Chapter X in connection with the treatment of the problem of substitution 
in its entirety. The two types of substitution reactions selected by INGoLD 178 
have been described, as regards their basic characteristics, already earlier 
by other investigators, but these descriptions have hitherto not been used 
for a more comprehensive representation of substitution processes. 

Type I is present when the compound which is substituted suffers a 
dissociation or fission into two fragments or moieties, a dissociation which 
may be only partial and even very slight, and when the substituting reagent 
takes unto itself one of these fragments: 

RX o> Ri XR Y= RY, 
The fragments in question may be ions; in this case the process corresponds 
to the picture of a crypto-ionic reaction as developed by MEERWEIN 19: 
slowl 
Rite Sot Ret Soe Ritts Vo la RV, 

It is just this type of crypto-ionic reactions that must be taken into 
consideration in substitution reactions of Type 1. In the case of this Type 1 
it must always be remenbered that the dissociation assumed is not, or at 
least need not be, a spontaneous monomolecular decomposition of the 
molecule R—X, but is rather—and this will in fact be the general rule— 
brought about through the agency and co-action of the solvent agent. 

In the case of Type 2, the bonding together of the new substituent is 
effected in the same instant in which the old bond is dissolved: 

WAPI Shu Rid X: 

This process corresponds to the pictures which were drawn (See p. 553) 
for the substitution process, in order to visualize the occurrence or absence 
of a WALDEN inversion. The conception here pictured differs from other 
conceptions which originally were associated with these pictures in that the 

177 See Chapter X, pp. 724, 725. 

178 These two types are found in each of the two classes of substituting reagents, 
which INGoLpD differentiates by the terms nucleophilic and electrophilic (See p. 724). 
Corresponding to this we have, according to INGOLD, a total of four types of substitution 
reactions, differentiated from one another and designated by Sy I, Sy2, Spi, and Sz. 
(See p. 725 for further details). For the examples already considered of substitution 
on an asymmetric carbon atom, and in which the configurational relationships are 
known, only the two “‘nucleophilic’”’ types Sy and Sy2 need come into consideration. 

179 H. MEERWEIN, Ann., 455 (1927) 227. Such an assumption was first made by 


P. WALDEN, Ber., 32 (1899) 1848; later on E. BuLMANn, Ann., 388 (1911) 338, made 
use of this theory, without however placing any great emphasis thereon. 
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the forming and the breaking of a bond occur at the same instant. This re- 
quirement was first raised made by J. GADAMER 180° later it was again presented 
and defended by G. N. Lewis 181. Prior to this one had on the contrary,— and 
just in the explanation of the WALDEN inversion,—usually represented this 
type of reaction in such a way that more or less stable complexes occurred 
as intermediate steps 1°. 

The problem of substitution is however by no means simplified with the 
setting up of two types of substitution chemisms or reaction mechanisms; 
indeed, as A. WERNER and E. FISCHER, for example among others, already 
foresaw, it only becomes more involved. The necessity of considering 
several paths describable by pictures as possible for a substitution process 
cannot, be rejected. This however raises to the fore a new problem deman- 
ding solution, namely, to determine first of all which of the possible reac- 
tion paths is actually followed in any given process; furthermore it is neces- 
sary to take into account the possibility that completely different chemisms 
may proceed side by side with reaction velocities of the same order of 
magnitude. If in these cases we do not proceed with sufficiently critical 
caution, but rather simply assume the one or the other reaction type on 
the basis of a greater or a lesser probability, then we open the doors and 
gates to all kinds of arbitrariness in the interpretation of the WALDEN 
inversion, and in the end it will be possible, just as before, somehow to 
twist every hypothesis into agreement with the experimental results. In 
the case of some reaction types it has been possible by means of reaction- 
kinetic investigations to obtain very worthwhile clues and information on 
substitution reaction mechanisms; the manner in which this problem is to 
be solved in detail will be presented later on in Chapter X. 

For the problem of the WALDEN inversion itself however, these new 
conception as to the various possibilities for the course of a substitution 
are of value only when they lead at least in a few cases to the Possibility 
of definite predictions as to the steric course of a substitution reaction. 
This was not the case for a single one of the former conceptions; today it 
is possible, though with certain limitations. The division of substitution 
reactions into two types by itself of course gives no means for doing this; 
for that it is necessary to make further auxiliary hypotheses about which the 
last word has not yet been spoken. 

The first theoretical conception if this type, andone which made possible a 


180 J. GADAMER, J. prakt. Chem. [2], 87 (1913) 336, 343. See especially points 1 and 
3 in the summary on p. 372. 


1 G. N. Lewis, Valence and the Structure of Atoms and Molecules, p. II3 (1923). 

182 First proposed and discussed by P. WaLpEN, Ber., 32 (1899) 1848. Compare also 
KEKULE, Amn., 106 (1858) 141; See also This Text, page 558, footnote 184. Above all, 
see A. WERNER, Ber,, 44 (1911) 880, and Emir FISCHER, Ann., 381 (1911) 311. 
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definite prediction as to the steric course of a substitution, was developed for a 
special case of the second type of substitution by N. MEERand M. PoLany1}*, 
This had to do with the exchange of a negative substituent against a nega- 
tive ion, as for example the substitution of bromine by chlorine, when the 
latter is found present as an ion in an aqueous, alcoholic or acetone solution. 
For reasons readily understood it is assumed that in this process the sub- 
stituting anion approaches from the side of the tetrahedral carbon atom that 
lies opposite to the vertex of the tetrahedron occupied by the negative sub- 
stituent: Between the negative end of the dipole formed by the negative 
substituents, which is directed outward, and the anion there will of course 
naturally exist an electrostatic repulsion. The consequence is that a change 
in configuration takes place when the substituents are exchanged. If the 
exchanging ion is of the same kind as the exchanged substituent, then the 
exchange leads to a racemization. It strikes one that the progress of this 
theory over the older ‘‘theories’’ of the WALDEN inversion lies in a well- 
founded statement as to the direction of attack of the newly to be introduced 
substituent, picture b in Figure 3rb. As will be explained in detail further 
on, our experimental experiences in the field of the WALDEN inversion, 
to the extent to which one may assume the here selected special case of a 
substitution, are to a great extent in agreement with the consequences to 
be drawn from our present theoretical conceptions; we shall have occasion 
to discuss further on (See p. 561) the only case yet known to be in dis- 
agreement. In case the substitution involves the replacement of a negative 
substituent due to attack by a cation,—practically this reduces down to the 
case of a hydrogen ion—,then, as is easily seen, according to the hypothesis 
of MEER and PoLANnvI, no change in configuration could take place because 
the cation must in this case preferably approach just the negative end of 
the dipole. Up to the present, because of the lack of suitable experimental 
foundations, it has not yet been possible to subject this prediction to the 
test of experience. 

Considerably more comprehensive, and covering completely the full 
Type 2 of substitution reactions, is a hypothesis developed by INGOLD and 
Hucues. This hypothesis of INcoLp and HucueEs makes use of a picture 

188 N. MEER and M. Poranyl, Z. physik. Chem. (B), 19 (1932) 164; E. BERGMANN, 
M. Potanyt and A. Szaso, Z. phystk. Chem. (B), 20 (1933) 161. Just a little later 
A. R. Otson, J. Chem. Phys., I (1933) 418, made exactly the same assumption. The 
first named authors speak in this case of a ‘negative mechanism”’; this corresponds in 
INGOLD’sclassification of the substitution processes to that which as the more comprehen- 
sive is here used as a general foundation, Type 2 of nucleophilic substitution, Sy2. 
Alongside of the negative mechanism, in which the substitution process is effected 
by means of an anion, MEER and Poranyt place the positive mechanism, in which 
the cation acts as the attacking agent. In practice only the hydrogen ion need be 
considered seriously in this connection. 
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which reproduces in detail the course of a substitution reaction, and which 
at the same time is based on the concept of a definite distribution of the 
bonding electrons. The substitution is induced by the glided ies of the 
attacking substituent Y, which is to replace the substituent X. The approach 
of Y is necessarily related to a certain distance from X; to the extent to 
which Y approaches, the bond C—-X becomes loosened, and X recedes 
away 14, During the whole of the substitution process then, the one bond 
is being gradually dissolved, while the other one is simultaneously being 
newly formed; it is therefore not necessary first to loosen up a strong 
chemical bond before the new substituent can approach. The approach of 
Y may take place in either of two ways. Y approaches the tetrahedral carbon 
atom either from the opposite side, or from the same side, on which the 
substituent X is located. This is illustrated by the Figures (I) on p. 558 
and (II) on p. 559. 

Case I. If Y approaches from the opposite side, then, in order to make 


R 
way for it, the three valences C_R: of the tetrahedral carbon atom must 
rt Fe 


be spread apart. To effect this requires the application of work, which 
because of the recession of X is somewhat smaller than that normally 
required if X were in its usual, rigidly fixed, position. Furthermore, there 
results a transitional state in which X and Y are both equally far removed 
from C, and in which both X and Y are simultaneously loosely bound: 


R,; 
R 
I Kent Lony ms 
| 
Rs 
Since Y has approached from the opposite side, X, C and Y forma straight 
(if Y = X), or a nearly straight line. In this transitional state the electrons 
which loosely hold together the system X...... Prpeaaens Y, and which 
later act to bond Y firmly to C, lie on both sides of the plane or nearly 
planar atomic arrangement. The density of these electrons in the projection 
plane of the C—R bonds, 
Ry 
| 
C 
ox 
a 
R, Ry, 

#84 Compare in this connection also A. KEKULE, Ann., 106 (1858) 141: ‘*One may 
conceive of this as follows: that already during the approach of the molecules the 
linkage of the atoms therein is loosened, for one part of the relationship is held bound 
by the atoms of the other molecule”. 

18° “Reaktionsknauel’”’ (reaction cluster) according to Trautz (Compare Vol. II, 
Book III, Chapter XVIII) 
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is zero (or nearly zero 18°), that is, zero just there where the charge-density 
of the electrons of the C—R bonds is the greatest. Conversely, the charge 
density of the three electrons bonding the Rs is small just where the bonding 
density of the electrons holding X and Y is greatest, namely on both sides 
of the plane 
Ry 
( 
£OR 
oe 


Case II. In case Y approaches from the same side on which X is located, 
R 
then the three valences CR; of the tetrahedral carbon atom must be 


compressed together; for this work must be done. Unlike Case I, this 
work is, however, not diminished somewhat by the recession of X; on the 
contrary it will be increased by the necessity of overcoming the strong repul- 
sion, as Y approaches, between the bonding electrons of the three valences 


R 
% 
CR and the electrons of the group Y, which will afterward be necessary 


3 
to effect bonding (if Y is an ion there will be two such electrons). The 
transitional state in which X and Y are both equally far removed from C 
and loosely bound to C may here be represented as follows: 


Bs R 
(11) cGy 
x R, 

In this transition state the electron-density of the bonding electrons of 
the valences C—X and C—Y is not zero at the points at which the bonding 
electrons of C—R,, C—R,, and C—R, are located. 

If we compare the two transition states as represented by the Figures I 
and II, we recognize, on the basis of the foregoing considerations and discus- 
sion on the electron distribution, that in order to produce the state II a 
considerably greater amount of energy is necessary than to produce state it 


Ry 
in which it is necessary only to spread apart the three valences CR. 
3 


186 C, K, INGOLD, E. D. Hucues and Coworkers (J. Chem. Soc., (1937) 1256) express this 
as follows: “‘The density of the bonding electrons of CR, possesses a cluster plane or 
nodal surface perpendicular to the straight line X—C—Y, or to the slightly broken 

R, ” 


angled line Y~ nx: while the nodal plane itself lies in the plane C 
5 gl 
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For this reason state I will always be formed more rapidly than will state II 
(Compare the detailed discussions in Chapter XVIII on the significance of 
the energy of activation for the reaction velocity). 

Since furthermore the intermediate state I leads to an inversion of the 
configuration, while the product formed from state II is a molecule of the 
same configuration as the initial molecule, it follows in general that: 

In the case of bimolecular substitutions in which dissolution and forming 
of a bond take place simultaneously, or nearly so, it must be expected 
that they take place with complete change of configuration. 

This prediction can of course not be made without certain reservations, 
The derivation of this rule does not take into account that under some 
circumstances certain interactions may take place between the substituent 
Y and one of the other substituents R,, R, or Rg 187 which are not replaced, 
and that these interactions may strongly favor directing Y in accordance 
with formula ITI. Insofar as R,, R,, and R, are hydrogen atoms, or saturated 
hydrocarbon radicals, this is of course not very likely. But it is also con- 
ceivable, conversely, that constitutive influences which by themselves have 
nothing to do with the substitution process may place difficulties in the 
way of the approach of Y in the sense of Formula I, such as by a screening 
off of the corresponding side of the molecule by strongly space-filling groups 
(For steric hindrance, see Chapter XIX). 

For a substitution of Type 2 proceeding by a bimolecular mechanism, we 
have then available two distinct hypotheses which permit of definite predic- 
tions as to the steric course of a substitution process. They lead to the same 
final conclusion when a negative substituent is replaced by an anion; in this 
case both hypotheses demand a complete WALDEN inversion. When however 
we are dealing with the replacement of a positive substituent by an anion, 
we arrive at contradictory conclusions. According to the hypothesis of MEER 
and PoLanyl, the anion which is attracted by the positive substituent 
would have to approach from that side, and effect replacement without 
any change in configuration; according to the hypothesis of INGoLp and 
HUGHEs, which quite generally requires a WALDEN inversion in the case 
of bimolecular substitution, and in which the external electrostatic attraction 
of the reacting structures is permitted only a subsidiary role, a change in 
configuration must take place. This same contradiction in the consequences 
of the two different hypotheses holds also -as well for the case in which 
a cationic reagent effects the substitution of an anionic substituent 188, 

Our experimental knowledge on the WALDEN inversion is not as yet 
sufficient to decide between these two hypotheses with any degree of cer- 


"7 Or by X, especially when X — H. 
88 Positive mechanism according to MEER and Poranyt (See p. 557, footnote 183). 
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tainty. For all experience as yet available on the definitely known bimolecular 
substitutions on an asymmetric carbon atom has been for the case of replace- 
ment of a negative substituent by an anion. The only reaction known in 
which a positive substituent has been replaced by an anion cannot as yet 
be counted definitely as of the bimolecular type. This case is that of the 


m 
substitution of N(CHs), by OH in 1-piperityl-trimethylammonium hydrox- 
ide, a reaction taking place under WALDEN inversion }9, 








‘si oa CH, 
/ | 
ow oe 
ae rep H,C CH 
. H | | ~OH 
te eae OMG saan oi + N(CHs)s 
iF N(CH); ) gi Sry a 
bea EL Tae 
CH CH 
yes a 
|H,C CH, Ai Hie Och; 


d-Neo-piperitol. 


In this reaction it is however well possible that the substitution process 
actually corresponds to Type 1: we are dealing with a compound in which 


+ 
the N(CHg,),-group occupies the same position relative to the double bond 
as does the OH-group in allyl alcohol. Since in the case of compounds of 
the type of allyl alcohol there is a very strong tendency to form the allyl 


cation (See p. 398), it is very well possible that the replacement of N(CH,)s 
by OH is preceded by a fission of the quarternary ammonium ion into a 
cation with a positive charge on the carbon atom, and trimethylamine, in 
accordance with the scheme: 
cH Ht 
deo: _ R—C=CH—C+ 


NCHA + N(CH,)s- 
by (CHs) \ 4a (CHs) 


In the next stage of the reaction, the hydroxyl ion then unites with the 
cation. One must therefore not see in the steric course of this reaction any 
proof of the incorrectness of the hypothesis of MEER and PoLanyi ™°. 


189 J. Reap and J. WALKER, J. Chem. Soc., (1934) 308. The configurations assumed 
may be considered as definitely established, since the relations of the corresponding 
compounds have been determined by reference to the well-known series of the 
l-menthyl- and d-neo-menthyl compounds. 

199 INGOLD and HuGues of course do just this, with the reservation however, 
that in substitutions of this kind the particular type of substitution must still first be 
established by kinetic methods. (Compare E. D. Hucues, Trans. Faraday Soc., 34 
(1938) 209. 
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While it is not possible at the present time to make any choice as between 
the hypothesis of MEER and POLANyYI on the one hand and that of INGoLD 
and HuGHEs on the other, nevertheless in cases in which both hypotheses 
lead to the same result, this result has been in very happy agreement, as yet 
without any exception whatever, with the experimental observations: 
The replacement of negative substituents 11 by anions leads in all cases to a 
Walden inversion. Among these cases are the following transformations: 

(1) The ester interchange of the toluenesulfonic acid esters by means of 
potassium acetate in alcoholic solution, in which the toluenesulfonic acid 
residue is replaced by the acetate ion (See p. 547); this reaction always 
involves a complete WALDEN inversion. 

(2) Substitution of halogen by halogen ion leads to inversion: as for 
the case of: 
l-bromosuccinic acid + chloride ion to give 
d-chlorosuccinic acid + bromide ion. 

/-Bromosuccinic acid +. Cl’ —> d-chlorosuccinic acid + Br’ 19, 

When the halogen atom and the halogen ion are of the same element the 
consequence of the exchange involving an inversion is eventually a racemi- — 
zation. The already long-known catalytic effect of halogen ions on the 
racemization of the halosuccinic acids and their esters must be interpreted 
from this point of view (See p. 503 etc.). This then corresponds to the inter- 
pretation already given for this process in 1913 by HOLMBERG 193. More 
recently several further examples have been added, as for example the 
racemizations of methyl-n-butyl-iodomethane and of methyl-n-propyl- 
iodomethane by iodide ion 1% 1%, both of which have been studied in 
considerably greater detail from a reaction-kinetic point of view, as well as 
of methyl-n-butyl-bromomethane by bromide ion 19% 197, 

The kinetics of the course of a racemization by halogen ion, and the 
exchange of halogen by halogen ion, can be followed in particularly great detail 
by use of radio-active isotopes as indicators. The experiments were carried 


**! For steric hindrance in the substitution of aliphatically bound halogen, see 
E. D. HuGues, Cu. K. Incorp, and J. Dostrovsky, J. Chem. Soc., (1946) 157 etc. 

1? A. R. Orson and F. A. Lone, J. Am. Chem. Soc., 56 (1934) 1294. 

198 B. HOLMBERG, J. prakt. Chem. [2], 88 (1913) 553. 

194 E. BERGMANN, M, Potanyi and A. SzZaBo, Z. physik. Chem. (B), 20 (1933) 161. 

°° Compare also the reactions between the alkyl chloride and iodide ion, as studied 
by J. B. Conant, W. R. KirneR and R. E. Hussey, J. Am. Chem. Soc., 46 (1924) 232; 
47 (1925) 476, 488. . 

#6 EK. BERGMANN and Y., SPRINZAK, Helv. Chim. Acta, 20 (1937) 590. Further 
examples and evidence for proofs of reaction kinetics will also be found in this paper 

197 Further examples will be found in the papers of INGoLp, HuGHEs and Coworkers. 
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out on 2-iodo-octane ?** and on «-phenylethyl bromide !%: 2-iodo-octane was 
treated with sodium iodide (containing a smalt amount of radio-active iodine 
produced by bombardment with neutrons) in acetone solution ; the exchange- 
velocity was determined by means of the radio-active method of measure- 
ment (GEIGER-MULLER counter). This velocity was then compared with the 
velocity of racemization, with the result that, recalculated to like conditions, 
both velocities were found to be equal, within the probable limits of experi- 
mental error (about 10 % in measurements of the radio-activity.) This 
means that the exchange reaction and the racemization are both based on 
the same chemical mechanism. A comparison of the exchange-velocity and 
the velocity of racemization of «-phenylethyl bromide by lithium bromide 
under like experimental conditions led to the same result. 

(3) Substitution of halogen by hydroxyl ion leads to inversion, if this sub- 
stitution takes place in accordance with the mechanism of the bimolecular 
type. This latter is however not always the case (See Chapter X, pp. 721, 722). 
The following examples have been investigated: 2-bromo-m-octane, f-octyl 
bromide 2°, methyl-phenyl-chloromethane ?°!, «-bromo-propionic acid 2°, 
and «-bromo-propionic acid salts. 

(4) Halides and alcoholates form ethers under WALDEN inversion: the 
halogen is replaced by alcoholate ion 7°’, Substances investigated were: 
2-bromo- and 2-chloro-n-octane 2%, methyl-phenyl-chloromethane ?”, «&- 
bromopropionic ester 2°*, y-bromopropionic acid salts or propionates 2%, 
These compounds were treated in part by sodium methylate, in part by 
sodium ethylate, in the solution of the corresponding alcohol, in order to 
effect conversion 2°, 

A considerable and well-worth noting proportion of our experimental 
knowledge on the WALDEN inversion can be, as we see today, considered 
from a single point of view. But for the greater portion of the as yet known 
reaction processes, the riddle or mystery of the WALDEN inversion has not 
been solved. In particular, it is not yet possible, for substitutions of 


198 E. D. Hucues, F. JutrusBuRGER, S. MasTERMAN, B. TOPLEY and J. WEISS, 
J. Chem. Soc., (1935) 1525. 

199 E. D. HuGueEs, F. JurrusBurGER, A. D. Scott, B. Toprey and J. Wess, /. 
Chem. Soc., (1936) 1173. 

200 FE. D. Hucues, C. K. Incorp and S. MASTERMANN, J. Chem. Soc., (1937) 1200. 

201 &. D. Hucuess, C. K. Incorp and E. D. Scorr, J. Chem. Soc., (1937) 1205—1206, 

202 W. A. Cowprey, E. D. Hucues and C. K. INGOLD, J. Chem. Soc. (1937) 1219. 

203 N. MEER and M. Poranyt, Z. physik. Chem. (B), 19 (r932}4277: 

204 E&. D. Hucues, C. K. Incoitp and S. MASTERMAN, J. Chem, Soc., (1937) 1200. 

205 E. D. Hucues, C. K. Incorp and A. D, Scott, J. Chem. Soc., (1937) 1205—1206. 

206 Compare also W. A. Cowprey, E. D. HuGues and C. K. INGotD, J. Chem. Soc., 
(1937) 1210. . 

207 For a summarized compilation of the cases mentioned under (103) and (106), see 
E. D. Hucues, Trans. Faraday Soc., 34 (1938) 213. 
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Type 1, to make, on the basis of the theory, any predictions as to the 
direction in which a given substitution will proceed. Added to this is 
the fact that frequently enough it is necessary to take into account the 
possibility that a given reagent may, depending on the experimental 
conditions, in the one case react in accordance with the Type 1, then in 
accordance with the Type 2, and in some circumstances, indeed, according 
to both types of reaction side by side 7°. Thus it may happen, for example, 
that even those laws which seem so clear from an experimental point of 
view, such as those found for the substitution of hydroxyl by halogen (p. 551), 
still lack a satisfactory interpretation, and one must always be prepared 
to find that these interpretations will prove vulnerable as the extent of 
the experimental material increases. 

Of the theoretical possibilities here conceivable, INGoLD and HuGHEs 
have proposed pictures, but have been forced to abandon any attempt to 
make predictions as to the direction actually followed by the reactions 299, 
On the other hand, the differing steric courses of reaction resulting from 
the action of phosphorus pentachloride on menthol in the presence of 
pyridine on the one hand, and of iron or aluminium chloride on the other 
hand (p. 551), can be explained readily in this way,—that in pyridine solution 
the substitution involving a WALDEN inversion takes place in accordance 
with Type 2 as influenced by chloride ion: [Py PCl,]Cl” or [C;H;NPCI Pa, a te 
while with ferric chloride, which forms the complex [PCl,]*.[FeCl,]” with 
the chloride ion, the reaction on the other hand proceeds in accordance 
with Type 1, with the tearing away of the menthyl ion from the hydroxyl 22°, 
while to a preponderating degree the configuration remains intact: 


by ee ey. 
ey 

| CypHyg—O: PCl, | —> C,,H,,Cl+ OPCI, + Ht. 
| | 
| andl 


From the experimental point of view it may be regarded as established 


*08 A critical discussion on the simultaneous occurrence of substitutions in accord- 
ance with Type 1 and Type 2 was given by W. A. Cowprey, E. D. HuaGues, C. K. 
INGOLD, S. MASTERMAN and A. D. Scott, and led them to aset of “rules of orientation”’ 
especially for the series of the «-halogenopropionic acids and their esters : J. Chem. Soc., 
(1937) 1259, 1260; also E. D. HucueEs, Trans. Faraday Soc., 34 (1938) 215. 

*09 Predictions can be made only in special cases, and by the aid of further auxiliary 
hypotheses, as for example respecting the special action of phenyl; theoretically as 
as well as experimentally these cases seem, however, to be as yet only very poorly 
Supported, For representations of the reactions of alcohols with the hydrogen halides 
and with thionyl chloride see also J. Chem. Soc., (1937) 1267, 1269; also Nature 147 
(194) 207. . 

210 W. Htcxex and H. Pretrzox, Ann., 540 (1939) 250. 
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that in the case of a substitution reaction of Type 1, the steric course of 
the reaction will depend individually much more on the structure of the 
reacting molecules than is the case for Type 2 substitutions. This is shown 
by the experience obtained from observations on the reactions and trans- 
formation-decompositions of the amines with nitrous acid. In all probability 
these proceed via the intermediate step of a diazonium ion, which then loses 
a molecule of nitrogen (p. 460): 


R—NH, + ONOH —> (R—N,)*OH- —> Rt + N, + OH- —> R—OH, 
or also: 
Rt + H,O —> R—OH + H+. 


We have then a case of Type 1. The knowledge of the configurationa 
relationships between the amine and the alcohol so necessary for this type 
of investigation can be given with certainty for a great number of cases 
in accordance with the discussion on p. 542. It has thus been found that 
seemingly small changes in the structure, as well as in the spatial configura- 
tion, of a molecule may have a decisive influence on the extent to which 
the configuration remains, or does not remain, intact 2". 

Furthermore, by no means all the difficulties which stand in the way of 
an interpretation of the historically significant reactions between organic 
halides and silver salts have been overcome, the more so as this problem 
involves reactions in a heterogenous system, in which the surface of the 
precipitated silver halide appears also to play a part. The hypothesis 
originally made by BuLMANN 2!”, that the silver ion pulls the halogen out 
of the organic compound: 


R—Cl + Ag: = R*-+ AgCl, 


cannot be entirely beside the point, but must without doubt be amplified 
by more detailed conceptions. The various attempts made at hypotheses 
aiming in this direction have not yet led to any real solution of the pro- 
blem 18, 


211 W. HUcKEL, Amn., 533 (1937) I. The observation made by E. Ort, (Amn., 488 
(1931) 186), on the influence of the experimental conditions in the case of «-phenylethyl 
amine (p. 536) will be discussed specially later on, in order to illuminate the 
difficulties of the problem. 

212 FE, BuLMANN, Ann., 388 (1911) 338. 

218 See for example the experiments of A. R. Orson, J. Chem. Phys., 1 (1933) 418; 
also A. R. Orson and F. A. Lone, J. Am. Chem. Soc., 56 (1934) 1294; A. R. OLSON 
and H. H. Voce, J. Am. Chem. Soc., 56 (1934) 1690; W. A. Cowpr_Ey, E. D. HUGHES, 
C. K. Incotp, S. MasterMANn and A. D. Scott, J. Chem. Soc., (1937) 1270. (Under 
Summary, Point 5: “they appear’’). For the theoretical foundations see this latter 


paper, pp. 1241, 1248 etc. 
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Related to these problems is the special behavior of substituents at the 
bridgehead of a bicyclic system. Thus, for example, the tertiary-1-chloro- 
apo-camphane does not react with aqueous-alcoholic silver nitrate solution as 
do the other tertiary chlorides, and conversely the 1-hydroxy-apo-camphane 
is not esterified by hydrogen chloride or hydrogen bromide as are the other 
tertiary alcohols, but gives instead only loosely-bound addition compounds”, 


(x) ADDITIONS TO MULTIPLE BONDS 


The steric course of addition reactions to multiple bonds?!® involves the 
same type of problems as does the steric course of substitution reactions 
on a saturated carbon atom. The phenomena occurring in connection there- 
with are related to the WALDEN inversion to the extent that in the one 
case as in the other the usually used stereochemical models are unable to 
describe the course of the reaction. It is quite natural that the steric course 
of an addition reaction will be influenced by quite other factors than 
will that of the exchange of substituents; in both cases, however, the inade- 
quacy of the models has been experimentally well established. 

The general considerations that have been applied to the WALDEN inver- 
sion can be applied in principle also to addition reactions to multiple bonds 215, 
although naturally the course of such an addition reaction can be influenced 
by quite different factors than is the simple exchange of substituents. The 
usual VAN ’t Horr models for the double bond and the triple bond can be 
used just as little for a visualization of the course of an addition reaction 
as can the tetrahedral model be used to represent the processes of substitu- 
tion. The models of multiple bonds permit us to foresee additions only in 
the czs-position; in reality however cis- and trans-additions both occur 
simultaneously side by side, although with different velocities, a fact for 
which numerous examples may be cited. 

Originally, of course, one saw just in this possibility of visually represent- 
ing the course of reaction a very important achievement of the VAN ’t Horr 
model. Van ’t Horr himself was never really ready to depart from this 
point of view 716, and J. WisLIcENUs likewise was led by his prejudice for 
this theory to oppose strongly the better insight brought by further experi- 
mental evidence #1’, This insight was given not only by his own work, but 


214 P. D. BartTieTtT and L. H. Knox, J. Am. Chem, Soc., 61 (1939). 3184. 

215 E. FISCHER, Ann., 381 (1911) 135; 386 (1912) 375 ; 

16 Van 'T Horr, Lagerung der Atome im Raume (Positions of Atoms in Space), - 
3rd edition, p. 103 (1908). 

217 WISLICENUS even went so far, occasionally, as to declare that the stereochemical 
theory was wrong for the double bond if in a single case a primary trans-addition could 
be proved. Ann., 246 (1888) 60. 
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also, and in particular, by the work of MicHAeEL 218, who had found numerous 
examples for ¢rans-addition reactions. As a result MICHAEL at first fought 
against all stereochemical views as generally invalid, because he did not 
see that the essential feature of VAN ’T Horr’s models was the graphical 
interpretation of the number of isomers, i.e. of a static state, while the 
representation of the courses of reactions was already an attempt that went 
beyond the original framework of the theory. It was of course a quite 
natural attempt at extension, though by no means a necessary, logical 
consequence therefrom. 

The first example of an addition reaction to double bonds to be really 
clarified as to its spatial stereochemical course did however allow the hope 
to arise that such an extension might be permissible. When oxidized by 
potassium permanganate, maleic acid: is converted exclusively to meso- 
tartaric acid, while fumaric acid is converted exclusively into ordinary or 
racemic, (d + /)-tartaric acid 29. 
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Maleic acid meso-Tartaric acid. Fumaric acid Tartaric acid, 


or Racemic acid. 


As is however known at present, the addition of hydroxyl groups to the 
double bond in the case of oxidation by potassium permanganate is almost 
the only reaction in which the addition takes place exclusively, or almost 
exclusively, in the one or other direction *°°, independently of the constitu- 
tion of the adding substance, and in particular in the crs-positions, so that 
determinations of the configuration may be based thereon. The same is 
true also for oxidations using osmium tetroxide **1, 

Furthermore, there is a regular law governing the course of cis-addition 


218 A MicHAEL and O. ScuuttHEiss, J. prakt. Chem. [2], 43 (1891) 589; A. MIcHAEL, 
J. prakt. Chem. [2], 46 (1892) 210; J. prakt. Chem. [2], 52 (1895) 289, 344; A, MICHAEL 
and O. D. E. BunGE, Ber., 41 (1908) 2907; Am. Chem. J., 39 (1908) 16. 

219 S Tanatar, Ber., 13 (1880) 1383; also 12 (1879) 2293; A. KeKkuLé and R. 
Anscut1z, Ber., 13 (1880) 2150; 14 (1881) 714; R. ANscHUTZ, Ann., 226 (1884) 193. 

220 P. H. HERMANS, Z. physik. Chem., 113 (1924) 366 (footnote 4). Compare also for 
example, F. Straus, Ber., 54 (1921) 48. For the glycols obtained from menthene, 
which had, however, not been proved to be homogeneous, no stereoisomerism. has as 
yet been proved.G, WAGNER, Ber., 27 (1894) 1636; St. K. Tolloczko, (Chem. Zentralblatt 
1895, I, 543) brought no further evidence for the proof of stereoisomerism. 

221 R. CRIEGEE, Ann., 522 (1936) 75. Z. Angew. Chem., 51 (1938) 519. 
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of conjugated systems to a single double bond, as in the diene synthesis 
(Compare p. 599). In this case, since a cyclic compound is formed, c7s-addition 
must always take place. If at the same time bridge-ring systems of the 
camphane type are involved, as for example in the dimerization of cyclopen- 
tadiene, the so-called endo-compound is formed 272; 


piclod 
pind, : 
Y, me Dicyclopentadiene. 
zat i ea ‘ | 
Pa 


| 
L/S 
All other addition reactions, not only those involving halogen, take 
courses, as VAN 'T Horr and J. WISLICENUS were finally forced to assume, 
depending on the nature of the adding compound, and on the experimental 
conditions, sometimes preponderantly in the direction of cis-, then in the 
direction of a trans-addition. This is true for additions both to double as 
well as to triple bonds. Examples for this are: 


Additions to triple bonds: 
Hydrogen. 
(1) To phenyl propiolic acid: 
C,H,—C=C—COOH —> C,H, _CH=CH—COOH. 
Catalytic processes yield almost exclusively the cis- 223, while sodium 


and alcohol, or zinc dust and acetic acid, give almost exclusively the trans- 
cinnamic acid 224, 


(2) To diphenylacetylene, or tolane: 
C,H;—C=C—C,H, —> C,H,—-CH=CH—C,H, 


Catalytic hydrogenation yields predominantly c7s- 225, while sodium and al- 
cohol, or zinc dust and acetic acid, yield the trans-1,2-diphenylethylene 226.227, 


**? Regarding this as well as further rules and laws governing the steric course of 


addition in diene syntheses, see K. ALDER and G. STEIN, Ann., 514 (1934) I, 197; 
Z. angew. Chem., 48 (1935) 837. Compare furthermore also Ann., 515 (1935) 165, 
185. For the meaning of the prefix terms ‘‘endo”’ and “‘exo”’, see p. 414. An attempt 
to explain cis-addition in the diene synthesis has been made by H. HENEcKA, Z. 
Naturforschung, 4b (1949) 15. Compare also This Text, Vol. II, Chapter XVIII. 
For the steric course of diene syntheses in the case of the acyclic dienes, see 
K. ALDER et al., Ann., 571 (1951) 87 etc., and 157 etc. 

*°3 C. PaaL and W. HARTMANN, Ber., 42 (1909) 3931. 

24 T.. ARONSTEIN and A. F. HOLLEMAN, Ber., 22 (1889) 1181; E. Fiscuer, Amn., 
386 (1912) 380. 

225 C. KELBER and A. ScHwarz, Ber., 45 (1912) 1949. 

226 T.. ARONSTEIN and A. F., HOLLEMAN, Ber., 21 (1888) 2833. 

*27 For further literature, and also for examples of additions to double bonds, see 
E. Ott and R. SCHROTER, Ber., 60 (1927) 624 etc. 
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(3) The catalytic hydrogenation of acetylene-dicarboxylic acid may 
give preponderantly either maleic acid or fumaric acid, depending on the 
structure and composition of the catalyst ?*8. In the case of arapid hydrogen- 
tion, 7.e. using a highly active catalyst, almost pure maleic acid is obtained 
while in slow hydrogenations, using a less effective catalyst, eciasid erate 
amounts of fumaric acid are formed. Maleic acid does not, however, in the 
presence of and contact with the catalyst, undergo rearrangement to fumaric 
acid. Since maleic acid contains more potential chemical energy than does 
fumaric acid, we have here a case of a remarkable relationship between the 
reaction-velocity and the energy-content of the reaction product: in the case 
of a rapid reaction the predominant product is the high-energy isomer, 
while in the case of progressively slower reactions, the relative amount of 
the low-energy substances increases continuously. This regularity has also 
been established for the case of the hydrogenation of other compounds, 
as for example dimethylfumaric acid (See below) ***. 


Halogen: Chlorine to acetylene, 
H—C=C—H + Cl, —> ClI—-CH=CH—Cl 
A mixture of cis- and trans-dichloroethylene is obtained *°. 


Additions to double bonds: 
Hydrogen. 
(1) To dimethylfumaric acid, uH 


| 
eae alae CH,—CH—COOH CH,—C—COOH 
> tr | 
HOOC—C—CH, CH,—CH—COOH HOOC—C—CH, 


H 


The catalytic hydrogenation of the sodium salt yields varying relative 
amounts, depending on the experimental conditions, of the meso- and the 
yacemic dimethylsuccinic acid *1; zinc dust and glacial acetic acid **1, as 
well as sodium amalgam 2%, yield a mixture in which the meso-form pre- 
dominates with about 60 % of the total,—hence a predominantly trans- 
addition. 

(2) To dimethylmaleic acid *', 

28 FE. Orr and R. ScHROTER, Ber., 60 (1927) 624. 

29 FE. Otr and R. ScHrROTER ref. 228; also E. Ort, Ber., 61 (1928) 2119. Also 


J. Sarxinp, Ber., 56 (1923) 190. 
230 G. CHAVANNE, Compt. Rend., 154 (1912) 779. 
231 &, Ort, Ber., 61 (1928) 2133. 
22 R. Firtic, Ann., 304 (1899) 176. 
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CHi--C-G0GH 4. Gu arin 
| > |x. (2 forms)} 
CH,—C—COOH CH,—CH—COOH 
The catalytic hydrogenation of the sodium salt leads in this case, inde-- 
pendently of the experimental conditions, to a mixture of 86 °%, meso- and. 
14 % racemic form of dimethylsuccinic acid, hence a predominantly cis- 
addition. 


Halogen. 

(1) Chlorine to fumaric acid gives about 80 %, meso- and 20 %, racemie 
dichlorosuccinic acid 738, hence a predominantly tvans-addition. 

(2) Chlorine to maleic acid anhydride gives about 80 % racemic- and 20 % 
meso-acid, hence also a predominantly trvans-addition 2%, 

(3) Chlorine to ¢vans-1,2-diphenylethylene (stilbene) 285 gives a mixture 
of the two stereoisomeric «,x’-dichlorodibenzyls 2%, 


H 
CiH;“cHe CH= Cin cies on, ta 
CHec ol 
H 


Racemic and meso; compare also p. 532. 


That which holds for the addition reactions holds also conversely for the 
elimination reactions; these take place from meso-forms, i.e. from the cis- 
positions, as well as from the racemic-forms, i.e. from the trans-positions. 
It is furthermore by no means necessary that the reacting groups in a 
“cis-elimination’’ be spatially always near to one another. In general it is found 
that the direction of the reaction which appears to be favored by greater 
reaction velocity is likewise favored in the elimination reaction. As an 
example for this ““MICHAEL’s Rule of addition and elimination’”’ 237 the 
theoretical foundations for which will be discussed later on in Volume IT, 
Book IV, Chapter XX, where it will be found that this rule need have 
no general validity,—it may be sufficient to cite the following, which at the 
same time gives an account of the possibility of a trans-elimination: 

In the case of the addition of bromine to acetylene-dicarboxylic acid ester 
the predominating product is dibromofumaric acid ester *38 the bromine 


33 -R. KUHN and Tu. WAGNER-JAUREGG, Ber., 61 (1928) 519. 

*34 B. HOLMBERG, Svensk Kem. Tidsky., 24, No. 5 (1912); J. prakt. Chem. [2] 84, 
(191I) 145. 

735 For the configuration compare p. 522, footnote 86, 

3° TH. ZINCKE, Ber., 10 (1877) 1002, footnote; Ann., 198 (1879) 135, footnote. 

437 A. MICHAEL, J. prakt. Chem. [2], 52 (1895) 329. : 

738 W. LossEN and W. BERGAU, Ann., 348 (1906) 341. 
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therefore adds on more rapidly in the ¢rans- than in the cis-position. The 
velationship of the reaction velocities is indicated qualitatively by the length 
of the arrows: 

COOC,H, Br, C,H,OOC—C—Br 

(i ae aS || 
=n Br—C—COOC,H, 
Ply C,H;OOC—C—Br 


| <— | 
POOCH, 2a 'C,1,00C—C— hr. 


G 
Ml 
cw 


Conversely, using zinc, the bromine from dibromofumaric acid ester 
splits out considerably more rapidly from the ‘vans-position than from the 
cis-position 73° in dibromomaleic acid ester 2". \ 

On the basis of the fact of ¢vans-elimination, and also of the fact that it has 
been established that this ¢rans-elimination frequently occurs more rapidly 
than does the cis-splitting-out off, as for example in the simplest cases of 
the two isomeric dichloro-ethylenes, of which the czs-form on treatment 
with alcoholic potassium hydroxide loses hydrogen chloride about twenty 
times as rapidly as does the trans-form **?: 

H—C—Cl rapidly H—C slowly H—C—Cl 


| > <—— | 
H—C—Cl “FSRGh C—Cl -HCl Cl—C—H, 





the picture of a preferred reaction between spatially neighboring groups, 
although so illuminating and easily comprehensible a principle, was broken 
down. This principle, used originally by J. WisLicENus as well as by others 
for determining configurations, and which had proved so useful, for example, 
in the determination of the configurations of fumaric and maleic acids, 
hence loses its validity whenever the reaction involves an asymmetric 
center upon which the stereoisomerism depends. Along with this there 
vanished then also the possibility, for example, of deriving the syn-anti- 
isomerism of the aldoximes from the ease with which the elements of water 
are split off therefrom to form the nitriles, as had been done by HANTZSCH 
and WERNER #42, Only when it is possible, on the basis of theoretical princi- 


289 A MicuakEt, J. prakt. Chem. [2], 52 (1895) 329. a 
240 For the influence of the solvent on the stereochemical course of the addition 


of HBr to the triple bond, and in particular in the case of phenylpropiolic acid and 
of tetrolic acid, CH,—C=C—COOH, see: A. MIcHAEL and G. H. SHADINGER, J. Org. 
Chem., 4 (1939) 128. ; 

241 G. CHAVANNE, Bull. Soc. Chim. Belgique, 26 (1912) 287. The configuration of 
both the two dichloro-ethylenes has been determined, definitely beyond any doubt, 
on the basis of their physical properties. (Cf. Vol. II, Book III, Chapter XII). 

a2 A, WERNER, Lehybuch der Stereochemie (Textbook of Stereochemistry) Pp. 249, 
Jena 1904. Also: A. HANTZSCH, Z. physik. Chem., 13 (1894) 509; H. Ley, Z. physik. 
Chem., 18 (1895) 377: 
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ples, to predict whether in a givencase the syn-or the anti-elimination will be 
the more rapid, 7.e. when the relationships between the spatial structure 
and the reaction velocities have been studied and understood in greater 
detail, will it be possible to draw any conclusions as to definite configurations 
from any such differences in the reaction velocities 4%, ie “| 
An example for the determination of configuration for syn-anit-isomerism in 
which the double bond is not affected is the proof for the configuration on 
the N=N-bond of the diazo-esters #44 (Compare also This Text, Chapter IT, 
p. 83). These diazoesters are formed as exceedingly labile compounds, 
either from a diazonium salt with sodium acetate, or by rearrangement of 
nitroso-acylarylamines (See This Text, Chapter X, P- 799), such as the di- 
azoacetate from nitroso-acetanilide: 


N 
C,H, —N% No 


O—C—CH, 


N 
i. 


Hon 
é 
oO” \cu, 


The chemical behavior of these substances (See further below) shows that 
the two methods of preparation do yield different substances, which can not, 
however, due to their labilities, be exactly identified by the usual methods. 
A consideration of the model, which also finds expression in the projection- 
formula used here, shows that the acyl migration that proceeds as a first 
order reaction (See also This Text, p. 257 and p. 268) must for the rearrange- 
ment of nitroso-acetanilide lead to the anti-form of the ester. The acyl 
migration is prevented when the acyl and the aryl are held together in one 
5-membered ring, but takes place normally for 6- or more- membered rings, 
with expansion or ring widening to an 8- or more-membered ring. The anti- 
configuration in the 7-membered ring that could presumably be formed from 
the anti-configuration of the N =N-double bond in the 5-membered ring 
would produce such a strain that this ring simply can not actually be formed. 

The diazoesters formed by the two different methods, and which exist 


463 See J. MEISENHEIMER, Ber., 57 (1924) 276; Ann., 444 (1925) 94; O. L. Brapy 
and G, Bisuop, J. Chem, Soc., 127 (1925) 1337; 12 W. J. TAyior, DoF WINCELEs, 
and S. Marks, J. Chem, Soc., (1931) 2778. On the other hand, G. Ponzroisstill (most 
Tecently in Gazz. Chim. Ital., 60 (1930) 49) not Teady to accept the possibility of a 
‘vans-elimination of elements. For the benzoylation of the syn- and the anti-aldoximes in 
pyridine solution, and the resulting formation of nitriles, 

ZH—'iOH 
—C — —C=N + H,0 
ba | 
see: G. VERMILLION and C. R. Hauser, J. Am. Chem. Soc., 62 (1940) 29309. 
“4 R. Humscen, Z. angew. Chem., 62 (1950) 360. 
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only transiently in solution, do give,—for suitable substitution on the aryl 
moiety, such as the presence of an ortho methyl group capable of under- 
going coupling,—characteristically different reactions. Thus in the case of 
o-totyl-diazotate only the more stable isomer formed by acyl migration in a 
nitrosa-acy] toluidide can undergo a coupling reaction involving ring-closure 
to an indazole and expulsion of the acyl group. It must therefore, as the 
formulas below show, and as the consideration of the model would lead one 
to expect, possess the anti-configuration : 


ee Sci H, 
Le 
pe VA a 
ie RIT A N Oi ont N HOOCCH 
Bosc? Nn N06" \A Ee a 
noah Seales SR N 
NO 
Anti-form, couples intramolecularly. 
CH, 0 
The syn-form, Se ane does not undergo an intramolecular 
nan 


coupling reaction. 


The more labile syn-isomer does undergo ring-closure, the acyl group 
offering steric hindrance. 

This example differs, as already emphasized, from all former presumed 
proofs for the configuration of the syn- and the anti-isomers, in that none of 
the reactions used for the proof of configuration directly attacks the double 
bond, such as was the case previously in the formation of a triple bond by the 
elimination of water from the aldoximes. 

In the case of saturated cyclic compounds likewise, it has been observed 
that a double bond is formed more rapidly by ¢rans-elimination than by cis- 
splitting out of the substituents *. In particular, VAVON *46 has investigated 
a larger number of cis- trans isomeric alicyclic alcohols as to the velocity 
with which the elements of water are split out when treated with sulfuric 
acid in dibutyl ether as the solvent. Those alcohols in which the alkyl and 
the hydroxyl groups must be assumed to be in the relative cis-positions 
(Compare in this regard also Volume II, Book III, Chapter XIX) lose 
water more rapidly than do their isomers in which the hydroxyl and the 
alkyl groups are in the relative tvans-positions, in which therefore a tertiary 


245 Compare in this matter also W. HtcKeEt, Ann., 477 (1930) 154. 
246 (>. Vavon and M. BarsieER, Bull. Soc. Chim. France [4], 49 (1931) 567. 
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hydrogen atom is on the same side of the ring as is the hydroxyl group, as 


for example 747: 


CH, CH, 
pate or Beeupirs isles 


cis- tvans- 
o-Methylcyclohexanol to give A,-Methylcyclohexene. 
reacts rapidly reacts slowly 


The failure of the principle of the preferred reaction between spatially 
neighboring groups is, as we know today, due to the fact that the chemical 
reaction mechanism of most of the elimination processes which lead to the for- 
mation of a double bond does not consist simply in a direct intramolecular 
reaction between the groups that themselves finally split out. Just as in the 
case of substitution,—so also in the case of its reverse, the splitting out of 
the separate atoms or groups—as well as in the case of addition,—there 
are always several paths which lead to the same final result. Only a more 
exact knowledge of the various chemical mechanisms of the elimination 
reactions has more recently made possible an understanding of the steric 
courses of these reactions: Thus it has been found that the xanthogenate 
reaction of TscHUGAEFF (Compare p. 430), in which the splitting-out 
does take place predominantly between the cis-substituents, is a case of a 
true intramolecular elimination reaction. The questions here touched upon 
will be treated in detail only in Chapter X, and then from the very general 
point of view of the chemical reaction mechanism of chemical reactions. 


247 G. Vavon, A. PERLIN and A. Horeau, Bull. Soc. Chim. France [4], 51 (1932), 
650. For the splitting out of water from the cis- tvans-isomeric tertiary alicyclic alcohols 
by the use of formic acid, see: G, CHIURDOGLU, Bull. Soc. Chim, Belgique 50 (1941) 8 
Chem. Zentralblatt 1941, II, 2921. : 
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CHAPTER VIII 


UNSATURATED COMPOUNDS 


(¢) CHEMICAL BEHAVIOR OF UNSATURATED COMPOUNDS 


(a) Compounds With One Double Bond 


There are a large number of compounds whose parent hydrocarbons 
contain less hydrogen than one should expect, always in terms of an even 
number of hydrogen atoms, and which do not fit immediately into KEKULE’s 
scheme of organic chemistry as based on the valences of the atoms, unless 
some further assumptions are made. In the formulation of these compounds 
we then have the choice either of writing free valences in pairs, and there- 
with also abandoning the doctrine of constant valence, or of assuming a 
multiple bond between two atoms; finally, also, we could assume a mutual 
annihilation, or saturation-satisfaction, of two valences on the same carbon 
atom. For the simplest cases, those of ethylene and of formaldehyde, the 
following pictures of structures then seem possible: 


I II 
CH,—CH, CH,—O CH,;—CH< 
| Ethylene or Ethylidene 


Ethyl F ldehyd 
: raat fee Free Valences 


III IV 
CH,—CH, CH,=O CH,—CH] 
Ethylene Formaldehyde Valency satisfaction 


Multiple bonds on the same single atom. 


In the case of ethylene both symmetric (I and III) as well as unsymmetric 
(II and IV) formulas are conceivable. Of these the unsymmetric formulas 
must be eliminated because the number of the observed derivatives of 
ethylene is not in accordance with them. According to these formulas there 
ought to exist two monosubstituted ethylenes, for example: 


ClI—CH,—CH< and CH,—C< 
Cl 


but these have never been observed. In order then to retain the doctrine 
of constant valence, and in order to give expression to this difference, which 
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shows itself in the chemical behavior of the compounds “‘deficient’”’ in 
hydrogen by an even number of hydrogen atoms, and of the radicals deficient 
by only a single hydrogen atom, the decision has been made in favor of the 
notation using multiple bonds 1. 

Since initially only these reasons are factors in the choice of the picture 
of the double bond, the equality of the dashes which finds expression in the 
usual formula says nothing as to the nature of the atomic linking. By itself 
it is easily conceivable that the hooklets which take care of the linking may 
be joined together in two different ways, as for example: 


in place of then 
pa, I cs ve 
HyG_ ra ene Hy H,c7—_2— cu, 


In this case the double bond ought really to be written 





H,C CH, ? 





In today’s notation the assumption of a double bond means that the 
holding together of the atoms is taken care of by means of two pairs of 
electrons, where it still remains an open question whether or not all of 
the electrons participate equally. The electron formula of ethylene, 

H.C : CH,, in this respect then accomplishes no more than does the usual 
formula. 

At the present time we know that the two electron pairs of the double 
bond effect different types of bonds: one pair behaves just as it would ina 
simple single bond, designated also as a o-bond, whence the electrons parti- 
cipating therein are known as o-electrons; the other pair is the reactive 
one that causes additions to take place, the bond is known asa z-bond, and 
the electrons are known as z-electrons. This subject will be discussed in 
detail in Vol. IT, Chapter XVII. 

By means of the double dash a new type of atomic bonding different from 
the usual simple bonding is emphasized. This symbol however indicates 
just as little as to the firmness of the atomic bonding as does the simple 
bonding dash between two simply bound atoms; whether the hooking 
together of multiply bound atoms is more or less firm or loose than that 
of simply bound atoms is a question for which one must not expect to 
read an answer in these far reachingly simplified pictures of the chemical 
bond. A priori, we ought to expect all possible degrees of reactivity of 


1 E. ERLENMEYER, Z. Chem., 5 (1862) 28; WiILBRAND, Z. Chem., 8 (1865) 683. 

* Such a notation would be in accord with the conceptions given by quantum 
mechanics. Cf, E, HUckEt, Z, Phys., 60 (1930) 423; Z. Elektrochem., 36 (1930) 641; 
compare also This Text, p. 129 and Vol. II, Book III, Chapter XVII. 
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doubly bonded atoms in various compounds with respect to one and the 
same reagent, just as in the case of simply bound atoms; and furthermore, 
again just as in the case of the simply bonded compounds, so in the case 
of the multiply bonded compounds, a sfecific sensitivity should be exhibited 
with respect to different reagents. 

Experience however has shown us that most of the low-hydrogen hydro- 
carbons and their derivatives possess one type of reactivity in common, 
designated by the group name of unsaturated compounds given by ERLEN- 
MEYER. By this is meant the tendency to undergo addition with other 
substances to form compounds which can no longer undergo addition, and 
which are therefore known as saturated compounds. Furthermore, the so- 
often easily achieved ‘“‘fission’’ of a molecule at the position of a double 
bond is based primarily on such addition reactions. In the case of such 
transformations there are first formed compounds with a simple bond, 
carrying such substituents on the formerly doubly bonded atoms as make 
possible a further attack on what is now a simple bond. Thus, for example, 
it has been proven that the oxidation of an unsaturated compound by 
means of permanganate proceeds via the following course of reactions 
(Compare p. 567): 

H R—C=O 
R—C—H R—C< oH R—C=O OH 


| —> — —> 
Reet iret oa Re) Race 


The splitting or fission of the double bond is hence a stepwise reaction, 
in which the two bonds are dissolved one after the other. Which step of 
the reaction is the faster, which the slower, depends on the constitution 
of the compound. Usually the first step, that of addition, is the more rapid. 

The addition-reactivity of the unsaturated compounds at first led KEKULE 
and other investigators to favor the formulation with two free valences in 
preference to the symbol of the double bond, at least in the case of the 
bond, + C-—C<— in place of +>C=C<, while in the case of C=—O.-, 


C=N.-, C=N-, bic, Ree this notation has never been considered seriously, 
although the compounds containing these groups likewise undergo numerous 
addition reactions. It is from that period that we received the expression 
“Tiickenbindung” or “gap-bond compound” for the carbon-carbon bond 
in ethylene, because it seemed as if in the addition the ‘‘ethylene gap’ were 
filled up by other atoms. This gap can of course not always be observed, 
for the doubly-bound atoms exhibit toward various substances a selective 
and specific additivity. In this respect then, they are distinguished from 
compounds with one free valence, the radicals, which are so unstable that 


¥ 
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they either decompose spontaneously, or, because of their ability to add 
either to one another or to all kinds of other substances as well, usually 
prevent their own isolation, and hence are not looked upon as true substances 
in the usual sense of the word. As soon of course as a free radical permits 
itself to be isolated, it exhibits an additivity toward numerous substances, 
This reactivity is however not general, but, even though not always very 
markedly so, specific (Compare for example pp. 197-198, 234). 

If then today we are used to combine the concept of unsaturated character 
with the symbol = for the double bond, an unsaturation expressed in 
additivity, we must not forget that this additivity is a selective one. A short 
review on the most important addition reactions of the C=C- and the 
C=O-bonds in order to illustrate this will therefore be in place here. 

The C=C-double bond usually adds halogen very rapidly *, though in this 
reaction we do find all degrees of reactivity and reaction velocity, as well 
as differences in the position of the equilibrium. While ethylene adds 
bromine instantaneously, and the equilibrium at ordinary temperatures 
is entirely on the side of the saturated compound: 


H,C=CH, + Br, —> BrH,C—CH,Br, 


tetraphenylethylene does not react with bromine at all 4. While chlorine does 
add, it is however very easily again split off > (Compare pp. 583 and 639): 


(C,H5)2>C—C<(C,H;)2 + Clp — (CyH;),>C—C<(C,Hs)o 
Cl Cl , 


In spite of the fact that generally the additions of Cl, and Br, to double 
bonds take place very smoothly, we are not dealing with a simple attachment, 
or laying side by side, of the halogen molecule to the molecule of the un-- 
saturated compound, but rather with a reaction specifically catalyzed by 
the wall of the reaction vessel. Thus in paraffined vessels ethylene specifically 
does not react with chlorine or bromine *, The reaction with iodine, too, 
seems to be a heterogeneous reaction, taking place either on the walls of 
the reaction vessel or on the surface of the crystallized iodine ’. 


* Thiocyanate, (CNS),, usually behaves like the halogens. 

* A. Beur, Ber., 3 (1870) 753; H. BavErR, Ber., 37 (1904) 3317. 

5 H. FINKELSTEIN, Ber., 43 (1910) 1533; J. F. Norris and Coworkers, Ber., 43 
(1910) 2940. 

° R. G. W. Norrisu, J. Chem. Soc., (1923) 3006; (1926) 55; also T. D. SteEwarT 
and K. R. Eptunp, J. Am. Chem. Soc., 45 (1923) 1014. 

7 R. B. Mooney and H. G. Retr, J. Chem. Soc., (1931) 
T. D. Stewart and R. D. Fowter, J. Am. Chem. Soc. 
H. J. Schumacuer, J. Am. Chem. Soc., 52 ( 
Wu, Z. physik. Chem. (B), 11 (1930) 
LupLam, Proc. Roy. Soc. Edinburgh, 49 


2597, especially p. 2603; 
» 48 (1926) 1187; 51 (1929) 3082; 
1930) 3132; H. J. ScoumMacHER and E. O. 
45. Compare also R. B. Mooney and E. B. 
(1929) 160 (on Equilibrium in the Gas State) ; 
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Chlorine iodide and chlorine bromide,—the latter prepared best from 
N-bromo-acetamide and hydrogen chloride gas in the presence of the olefin 8, 
—also add on. 


Cyanogen and the halogen cyanides do not react with ethylene under the 
most varying of conditions °. 

Hydrogen halides and acids usually react only slowly, in part also only 
up to a measurable equilibrium; the reaction is more rapid, though not 
always complete, especially at somewhat higher temperatures, when an 
ester of a tertiary alcohol can be formed: 


(CH,),>C=CH, (CH,),>C—CH,  (CH,),>C=CH, (CH,),>C—CH, 
> => 


<— f <_ 


| 
HO HO 


In this connection compare also camphene on p. 415. 


In such reactions the acid residue usually goes predominantly on to that 
carbon atom already bearing the smaller number of hydrogen atoms. 

This is in accordance with MAarRKovnikov’s Rule. Theoretically easily 
understood exceptions are observed in the case of compounds with strongly 
polarized double bonds. Thus 1,1,1-trifluoropropene-2, due to the negativ- 
izing effect of the CF, group on the adjacent carbon atom 2, undergoes addi- 
tion of HCl only with difficulty,—by using AIC], as a catalyst,—and then 
yields 1,1,1-trifluoro-3-chloropropane "°: 


AICi 
CF,-CH=CH + HCI 3 


Gh,—CH,—CH,61 


Nevertheless however, the direction of the addition reaction can be 
influenced very strongly by the experimental conditions, especially by the 
presence of peroxides or of oxygen 11. Thus, for example, the reaction of 
butene-r with hydrogen bromide in the presence of peroxides yields 


M. J. Porissar, J. Am. Chem. Soc., 52 (1930) 856 (in CCl),. For the incomplete addition 
of iodine, as well as of, under some circumstances, addition of iodine combined with 
substitution of iodine, see: M. Tuot, Bull. Soc. Chim. France [5], 9 (1942) 899.. — 

8 R. E. Bucktes and J. W. Lone, J. Am. Chem. Soc., 73 (1951) 998. This addition 
begins by way of an addition of Br* by means of a polar chemical mechanism. Compare 
also This Text, p. 585. 

°” R. B. Mooney and H. G. Rein, J. Chem. Soc., (1931) 2604; GwyN WILLIAMS, J 
Chem. Soc., (1932) 1747, 1758. 

10 See A. L. HENNE and S. Kaye, J. Am. Chem. Soc., 72 (1950) 3369. 

11 For a comprehensive review see F. R. Mayo and CHARLES WALLING, Chem. 


Reviews, 27 (1940) 351. 
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predominantly the primary bromide, while in the presence of oxidation- 
retarders the secondary bromide is the predominant product }°. 


dej0, asl Anti- 
CH,CH,CH=CH, ———> CH,CH,CHBr—CH, 

oxidants 

Peroxides 


In the case of (CHs),>CH—-CH—CH + HBr, with concentrated aqueous 
HBr in the presence of air, equal amounts of secondary and tertiary 
bromide result; when Ascaridol is added, some primary bromide is formed — 

ara 
— CH. 
NN Or. 


Ascaridol = CH,—C—-O—O—C—CH 


Geos \cH,; 
HAs 


in place of the secondary bromide. No peroxide effect is noticed in the addition 
pio HClorstile 
Sulfuric acid containing dissolved sulfur trioxide (= pyro or fuming 
sulfuric acid) is added on as pyrosulfuric acid with the formation of the 
sulfuric acid ester of a sulfonic acid a: 
CH, O—SO,OH CH,—O0—SO,0H 


ea athe 


Hypochlorous acid gives «-halogenated alcohols, the chlorohydrins., 136 


CH, OH CH,OH 
| | | 
CHCl CH,Cl 


Glycol-chlorohydrin. 


I 


2M. S. Kuarascu and W. M. Port, J. Org. Chem., 2 (1937) 195; see also Ibid. 
on p. 288 for the addition of HBr to 1- and 2- bromo- and chloro-propenes. The influence 
of the experimental conditions has been studied in great detail for the addition of 
HBr to allyl bromide: Y. URusHIBARA and M, TaKEBaAyYAsHI, Bull. Chem. Soc. Japan, 
IX (1936) 692, 754, 798; 12 (1937) 51; M. Kuarascu, W, R. HAEFELE and F. R. Mayo, 
J. Am. Chem. Soc., 62 (1940) 2047. Furthermore, for the addition of HBr to trichloreth- 
ylene, M. S. Kuarascu, S.C. KLEIGER and F. R. Mayo, J. Org. Chem., 4 (1939) 428. 
The effect of solvents and of peroxides for the case of (CHs3),>CH—CH =CH, + HBr 
was studied by A, MicHArEr and N. WEINER, J. Org. Chem., 5 (1940) 380. 

a A. MicHAEL and N. WEINER, J. Am. Chem. Soc., 58 (1936) 294. Compare also 
P. 753. AS regards the supposed addition of HNO , see p. 751. N,O, adds to 
(CH;),>C=CH, and (CH;),>C=C<(CH,),: A. MicHAEt and G. H. Cartson, J. Org. 
Chem., 5 (1940) I, 14. Compare also N. Demjanow and SSIDORENKO (DEMYANOV and 
SIDORENKO), J. Russ. Phys. Chem. Soc., 41 (1908) 832. 

8b For the chemical reaction mechanism, see L. Smitu, Acta Chem. Scand., 4 (1950) 39. 
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NOCI, N,O;, and N,O, are added on more or less smoothly ™. In this 
case N,O, yields dinitro compounds and nitrosates. The latter are readily 
hydrolyzed to g-nitro-alcohols, or oxidized to the nitre-nitrate esters. 
Hydrogen peroxide does not react ; on the other hand the elements of hydro- 
gen peroxide do add on to the double bond when the oxidation is performed 
by means of a permanganate solution (See also p. 567, 577). The addition 
of molecular oxygen to the double bond has been surmised frequently, but 
as yet never proved with certainty. On the other hand, ozone does definitely 
add on to the double bond 1%; one oxygen can be added on by the treat- 
ment with perbenzoic acid, perphthalic acid or peracetic acid. The products 
are ethylene oxides 1. 

Lead tetra-acetate usually adds to yield the acetic acid esters of 1,2-diols, 
by addition of two acetoxyl residues to the double bond. 


14 W.A. TILDEN, Ann., 245 (1888); L. Pesci, Gazz. Chim. Ital., 16 (1886) 225; O. WAL- 
LACH, Ann., 241 (1887) 288. See also the book Terpene und Campher (Terpenes and 
Camphors), 2nd edition, pp. 69 etc., also H. WIELAND, Ann., 424 (1921) 77. The addition 
of N,O, to tetramethylethylene (CH;),>C—C< (CH), has been studied with especi- 
ally detailed care, including the problem of the influence of the experimental conditions 
on the course of reaction, by A. Micuart and G. H. Cartson, J. Am. Chem. Soc., 59 
(1937) 843. For that of N,O, to (CH;),>C=CHCH, see J. Org. Chem., 4 (1939) 169. 
N,O, +(CH,;),>C=CH, (isobutene) yields 35 to 42 % of dinitro-iso-butane, 25—30 % 
of nitro-tert-butanol (by hydrolysis of nitro-nitrite), 2% of nitro-tert.-buty] nitrate (by 
oxidation), and 1,3-dinitro-2-methylpropanol-2. 





CH. CGH CH 
ice Gin aaeNOsr = >9/, 0.) C--——CH, >e--—CH, 
CH,~ CH,~ | | + CH;~ | 
NO, NO, ONO NO, 
35-42 % apie | 
CH3~ CH3~_ 
CH NO: C CH,NO, 
CH,~ | CHa al 
ONO, 
2% UF 925730 70 
CH... 


See N. Levy, Cu. W. Scarre and A. E. WiLpErR-SmitH, J. Chem. Soc., (1948) 52; 
also Ibid., (1946) 1096, 1100; for the cases of other olefins and of cyclohexene see 
H. Batpok, N. Levy, and Cu. W. Scare, [bid., (1949) 2627. N,O; behaves similarly, 
NO adding on to the tertiary C-atom. Compare also J. A. CROWDER; U.S. Patent 2 402 
315, 1944—1946 for the reaction in the presence of dioxane. ; : 

15 S. TANATAR, Ber., 12 (1897) 2293; A. KEKULE and R. ANscHUrTz, Ber., 13 (18 wt 
2150; 14 (1881) 713; R. Firtie, Ber., 21 (1888) 920; G. WAGNER, Ber., 21 (1883) 3347. 
The addition of H,O, in an acetic acid solvent involves actually the addition o 
peracetic acid. 

16 C. D. HARRIES, Ann., 343 (1905) 311. 

17 N. PRILESCHAJEW (PRILEZHAYEV), Ber., 42 (1909) 4811. 
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Frequently unsaturated compounds react with diazoacetic ester 1%, as for 
example: 


H—C—COOC,H,; » 
H,C,00 C—C—H CH—COOC,H, 
Fumaric ester = Diethyl fumarate Diazo-acetic ester 
COOC,H, COOC,H; 
H—C——_N decomposing H—C 
oN easily further beeps te + N, 
H,C,;OOC—C—CH~ into; H,C,0O0C—C——CH 
as 
H COOC,H;,; H COOC,H, 
Pyrazolin-tricarboxylic Cyclopropane-tricarboxylic acid 
acid ester, ester, 


Usually mercuric acetate and other mercuric salts can be added (See also 
This Volume, p. 143). 

Completely general again is the addition of catalytically excited hydrogen, 
leading to the formation of saturated compounds. On the other hand, 
so-called nascent hydrogen, obtained from alkali metal and water or 
alcohol, or generated for example from zinc and acid, does not attack the 
double bond. 

Alkali metal does not react with an ordinary aliphatic double bond. The 
ability of tetraphenylethylene to add alkali metal, as well as to be hydrogen- 
ated by nascent hydrogen, is related to the still to be discussed (See pp. 639, 658) 
effect of the phenyl groups on the double bond. 

Not added are H,O, HS, NH3, HCN (See however p. 615), HC=CH, and 
derivatives of these compounds; furthermore acid esters such as alkyl halides. 

The C=O-double bond does not add halogen; hydrogen halide and acids 
in general do not give stable addition compounds 2°, Water only rarely yields 
stable hydrates, as for example chloralhydrate; on the other hand alcohol 
is added to form the half or semi-acetals. Since most of the addition reactions 
of the carbonyl group have already been mentioned in our discussion of the 
phenomena of tautomerism, a brief compilation may suffice here: 


rare OH OH 
5 UE ce SGC ee 
OH OC,H, 


Pan 
2o=0 be 


18 E. BucHNeEr, Ber., 21 (1888) 2637; 22 (1889) 842; Ann., 273 (1893) 214; E. Bucn- 
NER and H. Witter, Ber., 27 (1894) 868. 
'° For a more precise definition of the concept of ‘nascent hydrogen”’ see pp. 632 etc. 


20 A few examples forsuch additions are given by D. VoRLANDER, Ann., 341 (1905) 15. 


-. 
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at: OH OH 
SamoOTH = oo GeO LH ee 

| eS ST a Pa “NH, 
SH NH, 


Similar reactions take place in the case of derivatives of NH3, such as 
the amines, hydroxylamine = NH,OH, hydrazine = H,N—NH,g, etc. Fur- 
thermore: 


OH 


= ()/-- FH — c . C= =i > 21 
“ a O=N < ; 7\C=cH 
C= C=CH 
-@ri OMel 
a, a Le ~ ~~ Vs 
C=O +H ome C : c= 6 M ae 
pat Seas. ot iB g Za “CH, 
Gk Hie at 


‘**Reactive hydrogen’”’ on carbon 


Catalytically excited as well as nascent hydrogen are added with formation 

of alcohols. O 
A a sity 

In the carboxyl —C—OH, and in the carbalkoxyl, —C—OC,H,, addition- 
reactivity of the carbonyl group as such is greatly diminished. 

The addition reactions of the bonds C=N-, N=O-, and C=S-, which are 
related to those of the carbonyl group, will not be further enumerated or 
discussed here. 

The conditions of reaction under which addition takes place are different 
for the C=C- and the C=O-double bond. Often it is impossible to define 
any special experimental conditions for the addition to the C=C-bond, 
for the substances cited usually add on without any special ado (Compare 
however what was said on p. 579 as to the addition of halogens); the 
experimental conditions may however, as already discussed above on 
p. 580, be of decisive influence on the direction in which an addition reaction 
proceeds. 

On the other hand, in order to bring about most of the addition reactions 
to the C=O-bond, it is necessary to have hydrogen or hydroxyl ion present 
as a catalyst. To give only a single example: Hydrogen cyanide is not added 


21 Formerly only the addition of sodium acetylide had been carried out successfully 
(K. Hess and H. MUNDERLOH, Ber., 51 (1917) 377; compare also J. U. Ner, Ann., 308 
(1899) 264), or of C,H, +NaNH,, ie. the addition of the anion [C=CH] . At the present 
time the addition of acetylene by use of the heavy metal acetylides, and especially of 
univalent copper as a catalyst, has, through the work of W. REPPE (Neue Entwick- 
lungen auf dem Gebiete der Chemie des Acetylens und Kohlenoxyds (Recent Develop- 
ments in the Field of the Chemistry of Acetylene and of Carbon Monoxide) 1949, 
J. Springer, Berlin-Gottingen-Heidelberg, pp. 27 etc.), become a technically important 
synthetic reaction. It is also possible under these conditions for both of the hydrogen 
atoms of acetylene to react each with one carbonyl. 
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on at all smoothly by either aldehydes or ketones, except when some alkali 
(as carbonate, cyanide, or hydroxide) is present ”*. 

The notation for the double bond has also been carried over to compounds 
in which no addition products whatever can be isolated, but which, in 
accordance with the principle of constant valence, can only be written 
with double bonds: 


RNG R,N=O R,>S=O RST 

Nitrocompounds ** Amine oxides Sulfoxides Sulfones. 
Whether in these compounds the symbol of the double bond does represent 
the same type of bonding as in>C=C<, >C=O, >C=N—, —N=O, etc. 


must, so far as the chemical standpoint alone can decide, remain an open 
question (Compare in this regard, p. 36). 

Conversely however, compounds that contain only simple bonds do show 
a tendency to addition reactions: this was already emphasized in our 
discussion of molecular compounds. Dumas already pointed out the analogy 
between ammonia and ethylene 24. This analogy is however purely formal, 
because those substances that ammonia rapidly adds on or absorbs to form 
ammonium salts are consumed only slowly by ethylene, and form substances 
that are not salt-like. The addition reactions of bromine and of catalytically 
excited hydrogen, that are so characteristic for ethylene, are not exhibited 
at all by ammonia. On the other hand, ethylene and ammonia can replace 
one another in complex compounds, as shown for example by ZEISE’s 
salt (p. 143): 

Wes Ge Ore = aa [Cl NH, | 
BE _ K-H,O; compare Pt 
Rebaead hy PCLACT as 

In spite of all the differences between ethylene and ammonia, it follows 
from this comparison and contrast that there are other systems besides 
those with double bonds that are able to undergo addition reactions. The 
symbol chosen for the double bond cannot be applied to ammonia. For 
the time being then, we must be satisfied with the fact that still other 
constitutive peculiarities may determine additive-capacity. 

Today it is known that the ability of ammonia and the amines to undergo 
addition reactions rests on their possession of the unshared electron-pair on 
the nitrogen, corresponding to the double bond with its reactive x-electron 
pair (See p. 576). 

38 A.J. Unite, Rec. Trav. Chim., 28 (1909) 1. 


*8 Additions to the nitro group do occur, but they are very rare. In no case known 
does double addition take place. 


a Later on D. VoRLANDER (Ber., 46 (1913) 3450) emphasized anew this analogy 
by pointing out further parallelisms, 


K-H,O 
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From the differences in the types of the addition reactions here enumerated, 
as well as from the differences in the types of systems that add on, it follows 
that we can not speak simply of a certain, definite “degree of unsaturation’’. 
More exact observations have shown that for the same given system, as for 
example C=C, and for the same type of reaction, we may find all possible 
gradations in the velocity of addition as well as in the position of equilibrium ; 
and that for some other type of reaction, with other adding substances, 
the order of gradation in the reactivity of addition need by no means be 
the same (Compare p. 639). 

The formulas of the unsaturated compounds, considered as reaction 
formulas, tell only the position at which addition reactions take place, that 
is at the two neighboring atoms united by the double bond. Which sub- 
stances can be added, and how rapidly, and to what point of equilibrium 
they will be added, must be noted and remembered as the result of experi- 

-mental observations. As to the details of an addition reaction, whether from 
molecule to molecule in a single reaction; 

CH, Br CH,—Br 

| al Nat atl 

CH, Br CH,—Br 
or whether the halogen molecule first splits into atoms followed by the 
addition of the resulting atoms one after the other; 

CH, CH,Br CH,bBr - CH,Br 

| + Br, = | + Br or,moreexactly, | ag ig a 

CH, GHes CH, CH,Br 
is not indicated at all by the formulas %, any more than the formulas of 
the saturated compounds are able to describe the details of a double decom- 
position such as, 

CH,+Cl, = CH,Cl+ HCl. 

The ordinary mode of notation for the double bond, which emphasizes 
the atoms to which addition takes place by means of the special symbol 
of the double bond, then achieves for the description of the course of reaction 
as much as one is justified in demanding of it, for it permits one to predict 


28 The means by which one may attack such questions from an experimental stand- 
point was already indicated on pp. 524-525, together with references to the literature. 
The bromination of acetylene in (sun-)light is very probably an addition of bromine 
atoms: K. L. MULLER and H. J. ScHuMacHER, Z. phystk. Chem. (B), 39 (1938) 352. 
Furthermore, the assumption of a primary addition of bromine ion to a double bond 
has also been made: P. D. Bartietr and D. S. TARBELL, J. Am. Chem. Soc., 58 (1936) 
466; I. Roperts and G, E, KIMBALL J. Am. Chem. Soc., 59 (1937) 947. The chlorination 
of olefins at high temperatures, where addition and substitution reactions take aes 
side by side, takes place via radical chains (Compare Vol. II, Book IV, Chapter XVI , 
1,3) with the participation of reactions taking place on the walls of the reaction vessel: 
F. F. Rusrand W. E. Vaucuan, J. Org. Chem. 5 (1940) 472. See also This Text, pp. 578-9. 
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the end products that may result. Here then, the symbol of the double 
bond is to be introduced only as a symbol designating the positions in the 
molecule where addition may take place. The problem as to the actual 
course of the addition will be discussed again later on in other connections 
(Chapter X, p. 765, and Vol. II, Book III, Chapter XVII). 


(b) Compounds with Several Double Bonds 


When several double bonds are present in the same molecule, and when 
certain constitutive peculiarities also exist, the formulas may fail to hold 
for certain types of reactions. In these cases the relative mutual position of 
the double bonds is of decisive importance. Three separate cases must be 
distinguished: the double bonds may in the first place be separate one from 
the other, or zsolated, i.e. separated by at least one carbon atom participating 
in no double bond valence; secondly, they may be placed on the same 
carbon atom, in which case we are dealing with cumulated double bonds, 
C=C=C and C=C=O; and thirdly, double and single bonds may alternate 
one with another, the case of a conjugated system, 


C20 Cee 


The relationships of isomerisms in the molecules containing several double 
bonds are such as one would have to expect as based on experience derived 
from compounds containing only a single double bond. On each double 
bond the substituents may be attached in either a cis- or ina trans-position, 
regardless of whether or not a conjugated system is present. Thus all four 
theoretically possible piperic acids have actually been prepared, three by 
Ott 76; one, the zso-chavicic acid, by Lonwaus and GALL 27, 


R—C—H R—C—H R—C—H 
| | | 
car ie H—C—C—H H—C—C—H 
| I | 
H—C—COOH HOOC—C—H H—C—COOH 
Piperic acid tso-Piperic acid Chavicic acid 

f R—C—H Cc 
I Fal sll 
HOCH where Ree "HEC 
| 
HOOC=Cin “c 


iso-Chavicic acid. 


aM: Ot bern Ss (1922) 2653. 
2” H. Lonaus and H. Ga tt, Ann., 517 (1935) 278. 
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In the case of diphenylbutadiene also, all the three forms demanded by 
the theory are actually known 25; 


SEE a aie C,H;—C—H C,H,—C—H 
I| | 
eee H—C—G—H H—C—C—H 
\| \| 
H—C—C,H; C,H;,—C—H H—C—C,H, 
tvans- trans- tvans- Cis- Cis- C1Ss- 
Diphenylbutadienes. 


Recently the czs-tvans-form of butadiene-1,4-dicarboxylic acid (muconic 
acid) has also been found, alongside of the already long known cvs-cis- and 
the ¢vans-trans-forms *°. 

In the case of compounds with cumulated double bonds of the allene 
type, and with suitable substitutions as mentioned on p. 81, 


R R 
Pate ae 


Re) 3 


mirror image isomerism is to be expected, and has indeed been observed. 
R. Kunn ®° has shown how to prepare compounds with a large number of 
cumulated double bonds, the cumulenes; these substances are colored. 
The compounds containing several isolated double bonds show no peculiar- 
ities as regards the reactivity of the doubly-bound atoms; the unsaturated 
groups react independently one of the other. Nevertheless, there is a tendency 
to form more or less easily conjugated systems, whereby, depending on the 
nature of the compound in question, either aqueous or alcoholic alkali 
(for unsaturated acids for example), alcoholate, or alkali metal (as in the 


28 J. THIELE, Ann., 306 (1899) 198; F, Straus, Ann., 342 (1905) 238, 240. Also 
J. H. Pinxarp, B. W111, and L. ZECHMEISTER, J. Am. Chem. Soc., 70 (1948) 1938 
(absorption of light, catalytic rearrangement induced by I,). The stereoisomeric forms 
of diphenyloctatetraene have been separated by means of chromatographic adsorption 
analysis: L. ZECHMEISTER and L. LEROSEN, Science, 95 (1942) 587, also in Chem. 
Zentralblatt, 1943, I, 1765. 

29 I. A. ELVIDGE, R. P. LinsTEaD, P. SIMs, and B. A. OrKIN, J. Chem. Soc., (1950) 
2235. 

R. Kuunand K. WALLENFELS, Ber., 71 (1938) 783, 1510. R. Kunnand G, PLATZER, 
Ber., 73 (1940) 1410. Cumulenes are prepared from diacetylene glycols with chromous 
chloride (from chromous acetate) in ether-hydrogen chloride solution. This involves 
a reduction and the splitting out of the elements of water, e.g.; 


(C,H,),>C—C=C—C=C—C<(C,Hy)s 
at we —> (2 stages) (C,H,),>C=C=C=C=C=C<(CeHs)2 
fs, 6,6-Tetraphenylhexadiyne-(2,4)-diol-1,6 1,1, 6,6-Tetraphenylhexa-pentaene. 


The second, next lower, member of the series, I,I, 4,4-tetraphen ylbutatriene, was 
prepared by K. BRAND as early as 1912; Ber., 45 (1912) 3071; 54 (1921) 1987, 2019. 
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case of the hydrocarbons), or also acids, may initiate or induce the isomeri- 
zation process. Under some circumstances conjugated and unconjugated 
systems are able to pass over one into the other so easily that the compound™ 
containing them react tautomerically; this type of tautomerism is the 
case known as three-carbon-atom tautomerism (pp. 332-333). ' 

In general, unless special peculiarities are present, as brought about for 
example by certain positions of the double bonds in ring systems, the trans 
formation from the unconjugated into a conjugated system is accompanied © 
by a considerable evolution of heat of reaction. 

Systematic investigations of this problem have been made by KIsTIA- 
KOwsky and his school. The differences in the energy-contents of conjugated 
and unconjugated systems can be calculated from very precise measure- 
ments on the heats of hydrogenation. In this connection it must be taken 
into account that, as explained earlier (p. 118), the heat of hydrogenation 
of an isolated double bond will vary slightly depending on its position and 
on the branching of the carbon chain. The differences established in the 
case of the conjugated and the unconjugated systems are however consider- 
ably greater than these differences ; for purposes of comparison it is of course 
necessary to use as examples compounds of as nearly as possible analogous 
structure. For the hydrocarbons we then find that in the case of the con- 
jugated double bonds the energy content is about 6 Cal. smaller than for 
the unconjugated isolated bonds. The difference is of about the same order 
of magnitude for the hydrogenation of a C=C-double bond conjugated 
to a C=O-double bond. The difference of 6 Cal. is in sufficiently good agree- 
ment with the energy-difference as derived from measurements on the heats 
of combustion. For the isomeric ketones with and without conjugation, the 
energy-differences calculated are of the order of 7—10 Cal.: these values 
are, in the face of the fact that they have been obtained by subtraction, 
taking the difference of two large numbers, to be considered as in sufficiently 
good agreement with the values of KistrAaKowsky, which represent the 
differences of considerably smaller numbers. 

A conjugation of a double bond to a carboxyl exhibits, so far as KIstTIA- 
KOWSKY'S measurements show, no particular energy-decreasing effect, 
while differences in the energy-content, even though smaller than in the 
case of the hydrocarbons and the ketones, could be derived from the heats 
of combustion of the ¢-, @-, and the §,y-unsaturated acids 31, 

From the experimental material of KisTIAKAWSKY we shall take at 
random a few of the more important results of measurements. These figures 
(Table 6) apply to the hydrogenation per mole of gaseous compound at 82° C. 


*! Finally, most recently, E. ScHy&NBERG, Z. physik. Chem. (A), 179 (1937) 30. 
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TABLE 6 
HEATS OF HYDROGENATION OF SOME HYDROCARBONS 




















Hydrocarbons Heat 
Butadiene + 2H, | 57.1 Cal., Conjugated *?, 
Pentadiene—1,4 ++ 2H, 60.79 Cal., Not conjugated *, 
Pentadiene—1,3 + 2H, 54.11 Cal., Conjugated *, 
Hexadiene—1,5 + 2H, 60.5 Cal., Not conjugated *. 
crotonaldehyde ee Butyraldehyde + H, 25.16 Cal., Conjugated %8 
H 


Lo pre 
CH,-CH=CHC  —»CH,—CH,—CH,-—C . 
SO ‘SO 
For purposes of comparison: 
Allyl alcohol + H, 31.57 Cal., Simple double bond *4, 
CH, = CH—CH,OH 








Strange to say, a marked, energy-reducing, effect of conjugation shows 
ap when an ether-bound oxygen is attached to a doubly-bound carbon 
atom, 7.e. in the vinyl compounds, thus: 

Divinyl ether + 2 H,, 57.24 Cal; Ethyl vinyl ether + H,, 26.74 Cal. 

The explanation for this, as derived by means of the concept of mesomerism, 
will be given in Vol. II, Book III, Chapter XVII. Vinyl acetate, 


ZO 
cH -0_C-cH; (+H,=30.95 Cal.) does not show this effect. 

On the basis especially of the data collected by RotH*® on the heats of 
sombustion of unsaturated ketones, some examples are cited in Table 7, p. 590. 

Further on, on pp. 654, 657, 658, examples of aromatic hydrocarbons 
will also be given *°. 

The compounds with cumulated double bonds give a few reactions that 
ire not known to take place in substances with isolated double bonds. 
Substances with isolated double bonds do not show a tendency to combine 
with one another in the nature of a diradical, in accordance with the equa- 


ions: 
CH,—CH, CH,—CH, 
os does not combine to give | 
nor does 
+ give | 
O=CH, O—CH, 


(Though ethylene and formaldehyde both do undergo other types of not too 
different addition-polymerization reactions: F.H.R.) 


32 G, B. Kist1aKowsky, J. R. Runorr, H. A. SmitH and W. E. Vaucuan, J. Am. 
Chem. Soc., 58 (1936) 146. 


33 G. B. KistraKowsky and coworkers, J. Am. Chem. Soc., 59 (1937) 833. 
34 M. A. DuLtiver, T. L. GresHaM, G. B. KISTIAKOWSKY, H. A. SmitH and W. E. 


VauGHAN, J. Am. Chem. Soc., 60 (1938) 440. 
35 W. A. Rotu, Z. Elektrochem., 16 (1910) 655; 17 (1911) 791. 


86 Terpene hydrocarbons: K. v. AUWERS and W. A. Rots, Amn., 373 (1910) 287. 
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TABLE 7 
HEATS OF COMBUSTION OF SOME UNSATURATED KETONES 





























Heat of combustion 
Substance Structure per mole 
Mesityl oxide O=C—CH=C<(CHs3), 847 Cal., Conjugated — 
| 
CH, : ; 
Ethyl allyl ketone | O=C—CH,—CH=CH, 857 Cal. 9 
C,H, | conjugate 
Allyl acetone O=C—CH,—CH,—CH =CH, 856.5 Cal.J, 
| 
CH, 
Carvenone *” < >< 1407 Cal., Conjugated 
OF os 
Dihydrocarvone <>< 1414 Cal. 
OF not 
conjugate 
pf Va 
iso-Pulegone J 1416 Cal. r 
SO 








Conversely also, cyclobutane does not decompose to give ethylene, and 
when the four-membered ring is split open by means of catalytically excite 
hydrogen, the product is butane, and not ethane. There are however som 
cyclobutane derivatives which do decompose in the sense indicated above; 
these are such as can yield either cumulated or conjugated systems. Converse- 
ly, these latter systems can also react to form cyclobutane derivatives. 

As one of the reactive cumulated systems we should mention that of the 
ketenes, discovered by WILsMoRE *8, and then thoroughly studied by 
STAUDINGER *°, The ketenes do add on to one another, as well as to other 
double bond compounds, to form four-membered rings 4°, with these rings: 


°° For the drawing of the formulas compare p. 414, footnote 60. 

98 T. M. Witsmore and A. W. Stewart, Nature, 75 (1907) 510; J. Chem. Soc., 91 
(1907) 1938. 

9 H. STAUDINGER and H. W. Kiever, Ber., 41 (1908) 594. The simplest ketene is_ 
prepared from bromacetyl bromide and zinc: 


ZO : 
BrC HC Br Zn: a= CH C=O. 4 Zn Br. t 
H. STAUDINGER, Die Ketene (The Ketenes), in Chemie in Einzeldarstellungen, 1. Band 
(Enke, Stuttgart 1912). According to Cx, D. HurD and Coworkers, J. Org. Chem., 8 
(1943) 367, this method cannot be used at all for simple ketenes, for which Stau- 
DINGER reports yields of 12 %, but only for the preparation of disubstituted ketenes, 
R 
—C=G=0 
R= 


“0 Examples may be found in: H, SrauDINGER and Sr, BEREZzA, Ber., 42 (1909) 4908. 


t CHEMICAL BEHAVIOR 591 


exhibiting all degrees of stability. As examples we may mention the poly- 
merization of dimethylketene to tetramethylcyclobutanedione 41,— 


CH; CH, 


C=C=O PG O 
CH,~ rg soo G CH | | 
Paes CH 
gee, O=C—Co 
O=C=C “SCH, 
CH, 


and the addition of diphenylketene to dimethylaminobenzaldehyde: 


(C,H,),.C—C—O (CsH;),>C—C=O (C,H;).>C—C—H 
+- —_> |X. decomposes | 
aaa,),N—C,H,—_C=O (CH;),>NC,H,C—O ——— C,H, +CO, 
| | easily 
H H N(CH,), 


Because of the great reactivity and the easy, partially reversible, poly- 
merizability, the ketenes could almost be regarded as diradicals, and written 
in the form, 

R,>C—C=0O * 
aed 

41 E, WEDEKIND and W. WEIsswANGE, Ber., 39 (1906) 1631. The sharp-smelling 
dimeric ketene (H,C=C=O),, discovered by F. Cuick and T. M. WitsMore (J. Chem. 
Soc., 93 (1908) 946; compare also Ibid, 97 (1910) 1978) melts at —6.5 and boils at 
127.4° C, and has an entirely different structure. It is probably the @-hydroxycrotono- 
lactone, 

CH,—C=CH 


| 
O—C=O 


as indicated by a comparion of its absorption spectrum with that of the butyro- 
lactone, of the vinyl acetate, and of the dehydracetic acid (M. CALVIN, Tu. T. MAGEL 
and Cu. D. Hurp, J. Am. Chem. Soc., 63 (1941) 2174. The formula of 8-hydroxy-vinyl- 
acetic acid lactone, 

H,C=C—CH, 


O—C= 0 


has recently also been suggested as probable (A. B. BorseE, Ind. Eng. Chem., 32 (1940) 
16: Cu. D. Hurp and J. W. Wit1ams, J. Am. Chem. Soc., 58 (1936) 962. For the 
infrared absorption see T. A. MILLER and St. D. Kocu Jr., J. Am. Chem, Soc., 70 
(1948) 1890; for the halogenation see A. T. Biomourst and F, H. Batpwin, J. Am. 
Chem. Soc., 70 (1948) 29. The formula of the acetylketene, 


CH,—C—CH=C= 0 


O 
already preferred by CH1ck and WILSMORE (loc. cit.) relative to the cyclobutane-dione 
formula, today appears as less probable. According to the Raman spectrum, however, 
it seems possible that this substance may possess this as well also as the structure of a 
$-hydroxyvinylacetic acid lactone; see H. J. Tauren and M. J. MURRAY, J. Am. 
Chem. Soc., 67 (1945) 1020. For the dimeric diphenylketene, see A. SCHONBERG and 
A. Sina, J. Chem. Soc., (1947) 175. 
42 Compare H. WIELAND, Ann., 401 (1913) 243. 
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The course of the addition reactions can however also be visualized b 

means of the notation of the cumulated double bonds: The additions ther 

take place on two neighboring, doubly-bound, atoms. 

The same is true for other cumulated systems. Never does it prov 

necessary to adopt a special mode of formulation #3. Remarkable is al 

the small reactivity of a cumulene, such as tetraphenyl-hexapentaene, 
CoH _CeHs 


C=C—C—C—C it 
C,H; CeH; 








toward potassium permanganate **. 35 

The compounds with conjugated double bonds also exhibit a number o 
reactions that are not known in the case of simple double bonds. This is 
true especially for the carbon-carbon double bond in the conjugated system 
C—C—C=0. Alongside of these new types of reactions, in which the addition 
takes place on two atoms united by a double bond, there appears to be also 
a large group of reactions of compounds with conjugated systems in whic 
the course of addition takes place differently than would be predicted from 
the formula picture. The first observations of this kind were made by 
FittIG; VON BAEYER’s studies yielded further material, and THIELE was 
able to collect together the available observational facts, and to extend) 
them by far-reaching, systematic, investigations; and THIELE finally a 
attempted to correlate them together under a common point of view. 

Today it is no longer possible to make the uniform conception of THIELE ~ 
the starting point of our discussions. For experience has shown that the 
reactions of conjugated systems do not run as simply and uniformly or 
homogeneously as THIELE first believed. Thus today our picture appears — 
quite different from THIELE’s original picture, which in spite of extensive 
experimental investigations was nevertheless based on rather one-sided 
experimental data. Moreover, the theory of partial valence, by means of 
which THIELE tried to interpret quite generally the behavior of unsaturated 
compounds, can today, because of the lack of clarity of the basic theoretical 
concepts on which it rests, no longer be considered as a groundlaying, 
pioneering, theory, but is rather to be regarded only as an inspiring working 
hypothesis which has now done its duty. Therefore the theoretical discussion 
must first be preceded by a compilation or summary of the experimental 
facts. 


43 For details see H. STAUDINGER, Die Ketene, Dy ser Rete. 
“4 R. KuHN and K. WALLENFELS, Ber., 71 (1938) 786. 
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's (2) THE REACTIONS OF CONJUGATED DOUBLE BONDS 


_ Let us now consider the following facts: 

Conjugated double bonds can, in addition reactions, take up the adding 
compound not only unto neighboring doubly bonded atoms, but also on 
more remote atoms, so that with the disappearance of the two original 
double bonds a single new double bond is formed, e.g.: 


? C=C—C=C + 2X, or X, = XC—C=C—CX. 
(Addition in the 1,4 positions). 


bad 


In order to get a clearer picture of the situation, the most important 
conjugated systems, C=C—C=C, O=C—C=O, and C=C—C=O will be 
considered separately. Furthermore, in the case of compounds with more 
than two double bonds, we must distinguish: (1) Systems with consecutive, 
conjugated, double bonds, such as, C=C—C=C—C=C, and (2) those with 
crossed, conjugated, double bonds, such as, 

ie 
Car 

For the sake of simplicity let us first consider a system of two conjugated 
double bonds. For such systems the following rules will hold, examples of 
which will be given further on. 

(a) The system C=C—C=C is able to undergo a number of new types 
of reactions not known in the case of an isolated double bond; among these 
is that of 1,4 addition: 

““Nascent’’ hydrogen from sodium or aluminium amalgam, or from sodium 
and alcohol, or from zinc and acetic acid, adds on to the ends of the conju- 
gated system. Actually, however, the “nascent” or atomic hydrogen does 
not add on directly, but rather the reaction is a stepwise one. The exact 
details of this reaction will be discussed at length further on (p. 636). 
The expression, “nascent” hydrogen, will in what follows be retained for 
the sake of simplicity. 

Two conjugated systems add together, with one system adding on by 
means of its 1,4-carbon atoms to the 1,2-position of the other. This reaction 
takes place especially smoothly in the case of addition to the double bond 
of maleic anhydride. Mutual 1,4-addition is also possible, but takes place 
only rarely (See pp. 120, 600). 

Sulfur dioxide adds in the 1,4-position, giving rise to unsaturated sulfones 
with five-membered rings. 

The substances that can likewise be added to a simple double bond behave 
as follows with respect to a conjugated system. 
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Bromine adds in the 1,2-position; under some circumstances it can also 
add primarily to the 1,4-position. ' a 

Chlorine, however, it has been proved, does add on to butadiene primarily 
in the 1,2-, and also in the 1,4-positions. 

Hydrogen halide seeks the 1,2-positions. a 

Hypochlorous acid adds on in the 1,2-positions. . 

Nitrogen dioxide, in the one case investigated, adds on in the 1,4-position; 
N,O, goes into the 1,2-position, though here again only a single certain 
example is known. e, 

Diphenylketene adds on to conjugated systems in the I,2-positions much 
more rapidly than to an isolated double bond; in both cases derivatives 
of cyclobutanone are formed. . . 

Catalytically excited hydrogen often attacks the whole system without any 
intermediate product being isolated. In the case of suitably constructed 
compounds hydrogenation can, however, be so conducted that one double 
bond is attacked more rapidly than another, and the isolation of a partially 
hydrogenated compound is possible, with the hydrogen added on in the 
1,2-(or 3,4-) position; I,4-addition products are never observed. This differ- 
ence as contrasted to the behavior of nascent hydrogen is worthy of special 
notice. 

Acetoxyl, as introduced by the action of lead tetraacetate, Pb(COOCH,),, 
on the conjugated system, adds in the 1,2-position #5, as well as in the 
I,4-position. 

For the addition of alkali metal, see Section 5, pp. 629 etc.. 

(b) Lhe system O=C—C=O adds nascent hydrogen in the 1,4-position. 
Beyond this, both carbonyls give the normal ketone reactions; there is no 
indication that, as for example in oxime formation, the addition proceeds 
primarily in the 1,4-positions. Diphenylketene adds only to one carbonyl, 
in the 1I,2-position. 

(c) Unsymmetrically constructed systems as C=C—C=-O. Here we must 
distinguish between compounds such as the x,@-unsaturated ketones or 
aldehydes, and the «,$-unsaturated acids. Especially in the case of the 
unsaturated ketones numerous reactions of the C—C-double bond belong 
to new types; substances that otherwise usually add only to the C=O-bond 
can in this case be added to the C=C-bond. The increased reactivity of the 
C=—C-bond is quite in contrast to the apparently reduced reactivity of 
the C=O-bond. 

Nascent hydrogen, which does not touch an isolated C—=C-bond, but is able 
to reduce a carbonyl group to the alcoholic, CHOH, group, does not in this 
case attack the carbonyl, but instead reduces the C=C-double bond. Only 

“© R. CRIEGEE, Ann., 541 (1939) 224. 
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after hydrogenation has taken place does further reduction lead to formation 
of the saturated alcohol. 

Methoxy-amine or O-methylhydroxylamine, CH,O—NH,, adds readily to 
the C=C-double bond of «, B-unsaturated ketones. 

Ammonia adds on to the C=C-bond. 

Hydroxylamine and semi-carbazide react, depending on the experimental 
conditions, more rapidly either with the C=C-double bond or with the 
carbonyl group. 

Hydrogen cyanide and sodium bisulfite behave in similar fashion. 

The C=C-double bond in this combination can, under the catalytic 
influence of alkali metal or alkali alcoholate, add on: malonic ester,cyanacetic 
ester, acetoacetic ester, succinic acid di-ester. In most cases the reactions 
are reversible *°. 

Bromine reacts only with the C=C-bond. 

Hydrogen halide probably adds likewise to the C=C-bond; in some cases 
however, the carbonyl can then add on a second mole of HX *. 

Alkaline hydrogen peroxide, which leaves intact a simple double bond, 
causes the addition of an oxygen atom to the C=C-bond, thus producing 
ketoxido-compounds *°: 

—C=C—C=0 —>» C——C—C=0O 
at y 

Catalytically excited hydrogen hydrogenates the C=C-bond faster than it 
reduces the C=O-bond. Up to the present time no method is known by 
means of which hydrogen can be added on to the C=O-bond faster than to 
the C—C-bond, so that as yet it is impossible by simple methods to prepare 
alcohols of the allyl alcohol type from «, @-unsaturated ketones *#*i(See 
however also p. 583). 

Diphenyl ketene usually adds predominantly to the C=O-bond to form 
@-lactones ; in some few cases a 1,4-addition also occurs, leading to 5-lactones. 

Magnesium organic compounds © add on in the 1,4-positions of the con- 


46 DP, VORLANDER, Amn., 320 (1902) 66. 

47 D. VoRLANDER, Amn., 341 (1905) I. 

4 E. Weitz and A. ScHEFFER, Ber., 54 (1921) 2327. Hydrogen peroxide can add 
on to a simple double bond only under the influence of ultraviolet light; thus allyl 
alcohol yields glycerine, maleic acid yields meso-tartaric acid. N. A. Miras, P. F. Kurz 
and W. P. Anstow Jr., J. Am. Chem. Soc., 59 (1937) 543. For the assumption of a pri- 
mary addition reaction of the ion HOO’ formed according to the equation 


OH’+H,0, == H,O+HOO’, 


see C. A. Bunton and G. J. Minxorr, J. Chem. Soc., (1949) 665. pete ; 
49 Aluminium isopropylate may be used to exchange the stages of oxidation with 
unsaturated ketones as well as with saturated, to give the corresponding alcohol (Com- 


pare This Text, p. 511). 
6° EP. Kourer and F, R. Burier, J. Am. Chem. Soc., 48 (1926) 1036. 
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jugated system; in this case the magnesium adds on to the oxygen, and the 
alkyl radical on to the carbon. In case a I,6-addition is possible, no use has 
as yet been made thereof. f 

(d) Systems of Crossed Double Bonds. Such systems have been investigated, 
so far as the course of addition reactions is concerned, for only very few 
reactions. As yet 1,2-addition has been established with certainty only for 


the system, 


yragecteacs 
O=C~ 
with the question as to whether the 1,2-addition product obtained is a 
primary reaction product, or only the result of subsequent rearrangement, 
still an open question. 
The following may be cited as special examples of the most important 
addition reactions of conjugated systems. 


(a) The System C=C—C=C 


Addition of nascent hydrogen on the 1,4-positions, or at the ends of the 
conjugated system. 

Symmetrically built compounds. 

Because of their great tendency to polymerize under the influence of alkali 
metals, unsaturated aliphatic hydrocarbons have not been investigated %1, 
On the other hand, those hydrocarbons in which the tendency to polymeri- 
zation has been reduced by introduction of terminal phenyl groups have 
been studied quite thoroughly. 

Diphenylbutadiene undergoes 1,4-addition ®2; 


C,H,—CH=CH—CH=CH—C,H, —> C,H;—CH,—CH=CH—CH,—C,H, 


Diphenylhexatriene undergoes 1,6-addition %; 


C,H,;-CH=CH—CH=CH—CH=CH—C,H, —> 
C,H;—-CH,—CH=CH—CH—CH—CH,—C,H,. 


Similar systems react similarly, including diphenyl-deca-pentaene, which 
undergoes 1,10—addition ; 


C.H,;—CH—CH—CH=CH—CH=CH—CH=CH—CH=CH—C,H, > 
—_> CsHs—CH,—CH=CH—CH—CH—CH=CH—CH—CH—CH,—C,H, 
®t As to butadiene, see K. ZizEGLER and H, KLEINER, Amn., 473 (1929) 57. 


** F. Straus, Ann., 342 (1905) 217. 
53 R. Kuun, Helv. Chim. Acta, 11 (1928) 123. 


ti REACTIONS OF CONJUGATED DOUBLE BONDS 597 


Unsymmetrically built compounds. 


Hydrocarbons undergo 1,4-addition of hydrogen when subjected to the 
action of sodium and alcohol. 


Thus for myrcene ** and ocimene * we have, 


CH, 
De Gat CMC OCH cr: 
oH. Myrcene | Ny CHgw 
H, Cth “oH,—-CH,— C= Cher: 
CH, ZA CH, 
C—CH—CH,—CH=C—CH=CH, CH, 
CH,~ Ocimene is 2,6-Dimethyl-octadiene-2,6, 
3 


Phenylbutadiene ** and cinnamalfluorene *? show similar behavior when 
aluminium amalgam (Al—Hg) is used as the reducing agent. 

Acids undergo 1,4-addition of hydrogen when they are treated with 
sodium amalgam. Thus with the symmetrically built muconic acid * we 
have: | 


CH—CH—COOH CH—CH,—COOH 


| arg 
CH=CH—COOH CH—CH,—COOH 


Piperic acid *®, on which the 1,4 type of addition was first observed, 
reacts as follows: 


Oy 

—CH—CH—CH=CH—COOH 
CH, 
No | 2H 


O ’ 

re Jeng Seerae 
2 

\o7% \ 


Cinnamalphenylacetic acid and cinnamalmalonic acid °° likewise undergo 
1,4-addition. 

In the case of a large number of compounds INGoLp and BuRTON 61 have 
found that changes in the experimental conditions, such as H-ion concen- 
tration, the metal used for reduction, as for example Al in place of Na, may 
yield mixtures of the 1,4- and 1,2-addition products side by side in various 


54 F. W. SEMMLER, Ber., 36 (1903) 1036; 42 (1909) 526; F. W. SEMMLER and A. 
Becker, Ber., 46 (1913) 1814. 

55 F. W. SeEMMLER, Ber., 34 (1901) 3126; C. J. ENKLAAR, Rec. Trav. Chim., 26 (1907) 
171. 

56 A. Kraces, Ber., 37 (1904) 2310. 

6? J. Tree and F. HENLE, Amn., 347 (1906) 291. 

58 A vy. BAEYER and H. Rupe, Amn., 256 (1889) 25. 

89 R. Firtic and L. WEINSTEIN, Ann., 227 (1885) 31. 

60 J. THreLe and J. MEISENHEIMER, Ann., 306 (1899) 237 

61 C. K. IncoLtp and H. Burton, J. Chem. Soc., (1929) 2022. 
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ratios. These observations cannot, however, be evaluated as a positive proof 
for primary 1,2-addition followed by rearrangement, for the more stable 
1,2-addition products may also be formed subsequently by a rearrangement 
of the 1,4-addition products. Corresponding displacements or shifts of the 
double bonds have been observed, as for example by v. BAEYER in the 
hydrogenation of the phthalic acids. | 
Addition of two conjugated systems to_one another: Diene synthesis. 
In this case we have an equilibrium between two hydrocarbons, such as; 





Isoprene — Dipentene * 


CH, CH, 
é ( 
Thin 
H.C CH | 270-3008 HC OH 
<< fea 
H.C CH, Tee as 
CH Accompanied Cc 
| by many by-products | 
C C 
Zs. ye 
Hc - CH, H.C CH, 


or Isoprene = Diprene ® 


CH, CH, 
[ 85-90° i 
ae 
SY oF 
HC CH, 4days HC CH, 
| ake) | CH, 
Hit HO" w Cree 
_-CH; “Ore StH, 
Cree. H 
emo SCH, : 


Still another mode of 1,4-addition of two isoprene molecules is conceivable, 


and LEBEDEW ascribes the corresponding formula to a hydrocarbon he found, 
but gives no proof of its structure ®, 


Similarly, we have the addition of a conjugated unsaturated hydrocarbon 
to maleic anhydride ®; 


8 O. WaLLacn, Ann., 227 (1885) 295; C. D. Harriss, Ber., 35 (1902) 3256; C. D. 
Harries and K. Gorrros, Ann., 383 (1911) 228; H. SraupinGER and H. W. KLEVER 
Ber., 44 (1911) 2212. Similar reactions also take place in the thermal decompositions 
of the olefins; compare R. V. WHEELER and W. L. Woop, J. Chem. Soc., (1930) 1819. 

68 TH. WAGNER-JAUREGG, Ann., 488 (1931) 176. 

64 S. LEBEDEW in BEILSTEIN, Erg. Band I, 
1914, I, 1406. For dimethylbutadiene, see E. H. 
Soc., (1938) 11. 

65 QO. DIELs and K. ALDER, Anyn., 
Ann., 478 (1930) 130. 


, 


115; Chem. Zentralblatt 1910, II, 1744; 
FARMER and R. C, PirHetty, J. Chem. 


460 (1928) 98. The structure-proof is found in 
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O H O 
ae cH_e sd 
yeah ola HC CH—C 
| + | Oo = ‘nie Chet nei. 
ae CH—C~ we Fy > OR eg 
CH, I PeGtiadan'h 
O H, O 
Butadiene Maleic anhydride Tetrahydrophthalic acid anhydride. 


Similarly for cyclohexadiene: 





H 
ZH O os 4 
HC Tl alee ae | 
CH, GHC cH, CH-¢N, 
peter stig ceo Dil ae hed O 
2 CH—C~ CH 
CH O NC I 
H 
Cyclohexadiene-1,3 Maleic anhydride 3,6-Endo-ethylene- 


A,-tetrahydrophthalic 
acid anhydride. 


Unsaturated conjugated hydrocarbons also react to add acrolein ®; 





H 
ae rte es 
HC | 1 HC | CH, 
| CH) Sq Ch=c+Hn '=s' cH, 
| ! agit 
HC | i He |  CH-CO 
SCH <o . 
H 
Cyclopentadiene Acrolein Endo-methylene-2,5-tetrahydro- 


A,-benzaldehyde. 


The double bond to which the ends of the conjugated system add must 
be a reactive one; no addition takes place on the double bond of ethylene. 
The necessary reactivity is possessed by a double bond which is either a part 
of a conjugated system, as in the examples above, or which is a part of a 
strained ring system. It is worth noting that vinylcyclohexene is also 
sufficiently reactive. Finally, this type of addition may also take place to 
a triple bond °. 

As an example of a reactive double bond in a strained ring system we 
have: 


66 O. Diets and K. ALDER, Amn., 460 (1928) 105, 119. 

6? For a comprehensive review as to the additive capacity of various multiple bonds, 
see K. ALDER and H. F. RicKErRT, Amn., 543 (1939) 11. According to K. ALDER and 
E. WinpEMuTH, propylene is also reactive in this respect, Anmn., 543 (1939) 14. 
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dha INAS Ai 
fT CH role gee CH, CH, | CH 
2 
be rd nar Ree) ene 
“ae ae te hs A 6 o5. apee ay ge 











é t : 
Di-cyclopentadiene —> Tri SP ae 3 -cyclopentadiene *, 
H, ; 
CH AOS _ 
es ~~ + Butadiene, 
oF 7: rapidly * He a more slowly 
Lae aan) 4 
ria i ae Eas HC CH CH, 
CH. i ocall Ne POD IES we 
a H, H 
Butadiene Butadiene Vinylcyclohexene 
Hy Gs 
Cc 
a Ps Mo im 
= a oe 
HC CH CH; CH 
een ar 
HC Cir —CH CH 
eo Reece 
is H 
Octahydrodiphenyl. 


At higher temperatures the mixed 1,2- and 1,4-addition is accompanied 
by over 10°% of the double 1,4-addition, leading to A-I, 2; 4,5-cyclo- 
octadiene “! (Cyclo-octadiene-1,5). (Compare p. 120). 

Sulfur dioxide. Dimethylbutadiene undergoes 1,4-addition to give dimethyl- 
dihydro-thiophene sulfone 72: 


CH,—C=CH, CH;—C—CH,._ 
+SO, — | Sey 
CH,—C=CH, CH,—C—CH,~ 


Octahydrodiphenyl yields a sulfone of decahydrodipheny] 73: 


°° K. ALDER and G, Stern, Ann., 485 (1931) 223. 

°° F, HormMann and L, Tank, Z. angew. Chem., 25 (1912) 1465. 

7° K. ALDER and H. F. Rickert, Ber., 71 (1938) 373. 

"| K. Z1EGLER, Lecture at the Heidelberg meeting of German Professors of Chemistry, 
April 18, 1947. K. ZreGLER and H. Witms, Ann., 567 (1950) 3. For the formation 
of dichloro-cyclo-octadiene (22%), alongside of other products, from chloroprene, see 
R. E. Foster and R. S. SCHREIBER, J. Am. Chem. Soc., 7° (1948) 2303. 

72 H. J. Backer and J. A. Botrema, Rec. Trav. Chim., 51 (1932) 296. Further 
examples: H. J. BACKER and J. Stratine, Rec. Trav. Chim., 53 (1934) 525; 54 (1935) 
170. (Addition of SCl,); 53 (1934) 1190 (addition of SeO,). 


ne H. J. Backer, J. StratinG and L. H. H. Huisman, Rec. Trav. Chim., 60 (1941) 
381. 
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> ¢ > +80, = tee ree 


\so, 


Bromine. 1,4-Diphenylbutadiene undergoes 1,2-addition 74; 


C,H;—CH C,H,;—CHBr 
CH Br, > CHBr 
bey bey 

CH,—CH C,H,—CH 


The proof for the constitution of the dibromide was carried out by a 
quantitative fission by means of ozone. According to the results obtained, 
not more than 4 % of 1,4-dibromide, at the most, could have been formed. 

In many other cases, too, 1,2-additions have been observed 7°, as with 
butadiene 7°: 


CH,=CH-CH=CH, + Br, —> CH,-CH—CH=CH, 


| 
ie | e3R 


Alongside of the 1, 2-dibromide, some 1, 4-dibromide, BrCH,—_CH=CH— 
CH,Br, is however, also obtained. It has been possible to prove that both 
1,2-dibromobutene-3, as well as 1,4-dibromobutene-2, are formed side by 
side as primary products 7’. In the case of cyclopentadiene, THIELE obtained 
only the 1,4-dibromide addition product 7%, but in both of the two possible 
stereoisomeric forms: 


HcC———CH acorn ty 
yee sade Baa 
Be CH Bek ae 
cK c 
H, Hy, 


cis-Dibromide 
og HG==—CH 
Br | | H 
tee oe 
H> Br 
Neat 
Hy, 
tvans-Dibromide 


74 F. Straus, Ber., 42 (1909) 2866. 

78 Compare J. THIELE, Amn., 347 (1906) 132. 

76 F. Straus, In Memoriam to J. THIELE, Ber. (A), 60 (1927) 95. 

77 E. H. Farmer, C. D. LAWRENCE and J. F. THorPeE, J. Chem. Soc., (1928) 729. 
78 J, THIELE, Amn., 314 (1901) 302. Compare also A. T, Blomquist and W.G. MAYEs, 


J. Org. Chem., 10 (1945) 13. 
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The conclusive proof for the constitution of both dibromides was carried 
out by means of oxidation with cold permanganate solution. 


In almost all cases, however, where 1,4-dibromides have been found, it is 


still an open question whether these are to be regarded as the primary 
products of addition, or whether they have been formed by a rearrangement 
of primarily formed 1,2-dibromides. Thus, for example, the 1 /2-nb 
of butadiene passes over into the 1,4-dibromide on heating to about 100 C. 
These rearrangements correspond fully with those discussed previously in 
the case of the allyl rearrangements studied by CLAISEN (Compare p. 393), 
and make invalid and impossible any proofs of constitution based on 
substitution reactions, a fact that was not known to THIELE in his time. 
In the case of the two cyclopentadiene-1,4-dibromides such a method of 
proof has been avoided, it is true, but during their preparation and isolation 
a distillation was carried out at g0—92° at 20 mm. pressure, so that even 
here the problem as to whether the 1,4-dibromides have been formed from 
the hydrocarbon by direct 1,4-addition must still remain an open question 79, 
This problem of the formation of 1,4-addition products by the rearrangement 
of originally formed 1,2-addition products has been thoroughly discussed 
by several authors *. 

Chlorine. Butadiene adds chlorine in the 1,2-positions to form 1,2-dichlo- 
robutene -3, and in 1,4-positions to form 1,4-dichlorobutene -2 *°. The proof 
for the structure of the two dichlorides was given conclusively by the oxida- 
tion with ozone. Since even at go° C the two dichlorides still do not transform 
one into the other with any observable velocity, they may both be considered 
as primary reaction products. This means that in the case of chlorine and 
butadiene both the 1,2- and the 1,4-addition reactions run side by side 
with approximately the same velocities. 

In the dark at—78° only 1,4-addition occurs, and of the two possible 
stereoisomeric 1,4-dichlorobutene-2’s, only the trans-form, 

[ate a OG tote ficohtaintnae 
H~ Chee! 


7° Cu. K. INGoLpD and C, W. SHoppEE J. Chem. Soc., (1926) 1477; E. H. FARMER 
and W. D. Scort, J. Chem. Soc., (1929) 172 (in particular the bromination of cyclopen- 
tadiene, the detection of small amounts of 1,2-dibromide); C, PREvost, Ann. Chim. 
France [10], to (1928) 113. 

80 J. E. Musxar and H. E, NortuHrup,]. Am. Chem. Soc., 52 (1930) 4043. For 
the chlorination of butadiene see furthermore A. A. PETRov and Sopov, J. Gen. 
Chem. (U.S.S.R.), 15 (1945) 981; A. N. Pupovic, Ibid., 19 (1949) 1179; also L. N. OWEN, 
J. Chem. Soc., (1949) 241. 

8! K- MisLow and H. M. HELLMANN, J. Am. Chem. Soc., 73 (1951) 244,—give the 
proof for the trans-configuration ;—reduction by means of LiAlH, to trans-butene-2; 
oxidation by means of KMnQ,, giving cis-addition of 2 OH to the double bond (See 
also p. 567); formation of vac-C1—CH,—CHOH—CHOH—CH,—Cl with performic 
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Hydrogen halides *? (Compare pp. 395-396). 
The products usually isolated seem to indicate 1,4-addition. 


CH, CH; CH, 
| 
=~ C= CH HBr => H,C=cH+C—CcH; + H,Cc_cH=¢_cH 
Methylbutadiene ; 
(Isoprene) Br Br 
CH, CH, CH, CH, CH, CH, 





H,C=C C=CH, + HBr — H,C=C———C—CH, —» H,c_¢—— é_cu, 
Dimethylbutadiene | | 
Br Br 


In this case too, the investigations of CLAISEN show that the first step 
is a I,2-addition to give tertiary bromides; the primary bromides usually 
isolated, and the formation of which could be explained as due to 1,4-addition, 
are actually secondary products formed by allyl rearrangement. 

Hypochlorous and hypobromous acids *. 

Butadiene undergoes 1,2-addition: 


CH=CH, CH=CH, 

| aE HOC. —>.-) 

CH=CH,  (HOBr) CHCI—CH,OH 
(Br) 


Nitrogen Dioxide. 
Diphenylbutadiene undergoes 1,4-addition **: 


C,H,—CH=CH—CH=CH—C,H, + 2NO, —> C,H;—CH—CH=CH—CH—C,H, 
NO, NO, 


Ozone degradation furnished conclusive proof of the structure; the 
NO,-groups are attached to the carbon atom via the nitrogen atom, as shown 
by a reduction to the diamine, the yields of which were, however, very low. 

Nitrogen trioxide, NOx. 

Terpinene (dihydrocymene) undergoes 1,2-addition °°; 


acid (via ethylene oxide with a WALDEN Inversion (Compare pp. 548-549), and not a 
good proof of configuration) ; formation of meso-CICH,—CHOH—CHOH—CH,Cl and 
cis-CICH,—CH =CH—CH,Cl from cis-HOCH,—CH=CH—CH,0H+PCl, in pyr- 
idine, which is stable as regards configuration up to 100° C, and reacts with LiAlH to 
give cis-butene-2. 

82 I. CLaisEN, J. prakt..Chem., [2], 195 (1922) 74. For isoprene + HCl, see p. 394, 
footnote. 

83 A A. Petrow, Chem. J. Series A. J. Gen. Chem. (U.S.S.R.), 8 [70] (1938) 131, 142. 

84 FH]. WIELAND and H. STENZL, Ber., 40 (1907) 4825; Ann., 360 (1908) 299. 

85 EH. WIELAND and F. REINDEL, Amn., 424 (1921) 92. In the formula as here used, 
only the carbon skeleton is indicated, as on pp. 414 and 589-90. The free dashes 
indicate methyl groups. 
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O,N 
<>< +10 "DK 


as proved likewise by catalytic reduction, also with poor yields, to the 
diamine. 


Catalytic Hydrogenation. 


Butadiene can be hydrogenated directly to butane, as well as selectively 
by absorption of only 2-atoms of hydrogen to form either n-butene-1 
(1,2-addition), or czs- and tvans-butene-2 (1, 4-addition). The ratio of the 
velocities of these reactions depends on the catalyst used °°, 

In the case of A, ,-cyclohexadiene it has not as yet been possible to stop 
the hydrogenation reaction at the cyclohexene stage. It should be noted that 
the 1,3-compound hydrogenates more rapidly than does the 1,4-isomer with 
the isolated double bonds; the lower-energy conjugated system is hence the 
more reactive one with respect to catalytically excited hydrogen gas as 
well 87. 

The conjugated system —C=C—C=C— in cinnamalacetone is completely 
hydrogenated by the use of colloidal palladium as a catalyst, and no inter- 
mediate, partially reduced, product can be isolated. If the reaction is stopped 
early, only completely reduced product and initial cinnamalacetone are 
found. The carbonyl is not attacked at all, as is usually the case when 
PAAL’s colloidal palladium is used 88; 

C.H,-CH=CH—CH=CH—CO-—CH, —> C,H;—CH,—CH,—CH,—CH, -CO—CH,. 

A number of other substances react in exactly the same way; cinnamal- 
malonic acid **, piperic acid **, diphenylmuconic. acid °°, phenylcinnamal- 
acetic acid %, cinnamalcamphor %, and other, similarly constructed sub- 
stances *. In the case of phenylbutadiene and vinylacrylic acid, on the 
other hand, one double bond is hydrogenated successively after the other 9%. 


8 W. G. Youne, R. L. MEIER, J. Vinocrap, H. BoLiincer, L. KAPLAN and S. L. 
LINDEN, J. Am. Chem. Soc., 69 (1947) 2046. | 

*? H. A. Smiry and H. T. MERIWETHER, J. Am. Chem. Soc., 71 (1949) 413. 

8° C. PaaL, Ber., 45 (1912) 2221. 

ee > PAay,. Berg 4s (1912) 2221. 

* E. BEescukeE, G. KoOures and L. STOLL, Ann., 391 (1912) 121. 

*! G. Vavon and M. JaKE8, Bull. Soc. Chim. France [4], 41 (1927) 81. 

% For example: A. Courtot, Ann. Chim. [9], 5 (1916) 85; R. Kuun and A. 
WINTERSTEIN, Helv. Chim. Acta, 11 (1928) 123. 

*° I. E, MusKar and B. Knapp, Ber., 64 (1931) 779. The first observation of this 
kind was that in the hydrogenation of methysticin: H. GOEBEL, Ber. Pharm. Ges; 32 
(1922) 115. Furthermore, S. LEnEDEW and A. YAKUBSCHIK for piperic acid; J. Chem. 
Soc., (1929) 220; compare also Ibid., (1928) 823, 2190. 
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rapidly slowly 
C,H; -CH=CH—CH=—CH, ——> C,H,—CH=CH—CH,—CH, iat 
cis- as wellas trans- cis- or trans-1-Phenylbutene-1 
— C,H;—CH,—CH,—CH,—CH, 
1-Phenylbutane. 


rapidly slowly 
CH,—CH—CH+=CH—COOH -——» CH,—CH,—CH=—CH—COOH ——>» 


A1,3-Butadiene-carboxylic acid. Ai-Butenecarboxylic acid. 
~> CH= CH=CH, —CH.—-COOH 
n-Valerianic acid. 

The differences in the reaction velocities in the two steps are in this case 
so great that the intermediate products can be isolated in almost quantita- 
tive yields, if the hydrogenation is stopped after just 1 mole of H, has been 
absorbed. In the case of certain suitable compounds it is possible, by chang- 
ing the nature and composition of the catalyst, to achieve a reduction of 
either the one or the other of the two double bonds, or again to effect a 
complete hydrogenation of the whole system without any intermediate 
product being isolated, or isolable ™. 

Lead tetra-acetate can be used to effect 1,2-additions of acetoxyl *. Thus 
for 2,3-dimethylbutadiene we have: 

Ae eg ot Oh CH, CH; 


| 
H,C=—C——-C=CH, —» H,C=C——-C—CH, 


| 
Oa — CCH 


| | 
CH,C=O O 
With cyclopentadiene we have 1,2-and 1,4-addition, and obtain a mixture 
of the two possible stereo-isomeric forms, with a preponderance of the 
cis-compound: 


_O—COCH, 
H—C———-CH H—C——-C—H ina dee 
H—C CH H—C C<OcocH, oo’ So 
ee PE | Xc | 
H, H, C=0' H, Cat) 
Chiefly cis-, partly tvans-. du, baz, 


Cyclohexadiene reacts in the corresponding way, as do likewise compounds 
with isolated double bonds. 


o E.H. FarMeR and R.A.E. Gatrey, J. Chem. Soc., (1932) 430; Nature, 131 (1933) 
60: E. H. FARMER and L. A. HUGHES, J. Chem., Soc., (1934) 304, 1929. The hydrogena- 
tion of muconic acid as the sodium salt yields both possible dihydro-acids. Palladium 
catalysts have in general proved themselves most selective. 

9% R. CRIEGEE, Anmn., 481 (1930) 263; 541 (1939) 224. 
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2 Moles of Triphenylmethyl add on to the 1,4-positions of isoprene and — 


of dimethylbutadiene %*. . _ 
Hypohalous acids are taken up by butadiene-x-carboxylic acid in 4 


3,4-addition reaction %; 


HOCI 
CH,=CH—CH=CH—COOH ——» CH,OH—CHCI—CH=CH—COOH . 
3-Hydroxy-y-chloro-A,, g-pentenoic acid, 


The structure-proof was carried out by means of ozone degradation, 
Diphenylketene and ketene add by 1,2-addition to A, ,-cyclohexadiene, 
and likewise to cyclopentadiene %*; 


isl H 
Pat Beas at ps! C,H; 
isle — 
Lena: eitald Gitta oa | “CoH 
H,C CH (eee) H,cC | C——C=O 
C4 “Sez * Sey 


and likewise for ketene 9°. 


Cyclopentadiene with ketene in toluene at 100° ® yields two corresponding 
simply unsaturated bicyclic ketones with condensed five- and four-membered 
rings, and different positions of the double bond in the former 1, 


(b) The System O=C—C=O 
Nascent hydrogen. Addition in the 1,4-positions. 
Benzil, dissolved in acetic anhydride, and subjected to nascent hydrogen 


from zinc dust and acetic-sulfuric acids, yields a mixture of cis- and trans- 
stilbene-diol-diacetates 1: 


O O 
ZF A 
Gia C= Oe DOHC Ga Cr (es Pome QO PY ga 


— il + | 
C,H,—C=0"" | C,H,—C—0-—_cicHy © ¢a,c0 GG 
SO SO 


The hydrolysis of the diacetates yields benzoin, by rearrangement of the 
enol form of stilbene-diol: 


- J. B. Conant and H. W. Scuerp, J. Am. Chem. Soc., 53 (1931) 1941. 

*” I. E. MusKat and L. Hupson, J. Am. Chem. Soc., 53 (1931) 3178. Structure 
proof by ozone degradation. 

°° E. H. FARMER and M. O. Faroog, J. Chem. Soc., (1938) 1925; further see Chem. 
and Industry, 56 (1937) 1079; Chem. Zentralblatt, 1938, II, 1208; also E. and O. BERG- 
MANN, J. Chem. Soc., (1938) 727. 

°° A. T. BLomguist and J. KwiaTexk, J. Am. Chem. Soc., 73 (1951) 2008. 

10° B. T. Brooks and G, WILBERT, J. Am. Chem. Soc., 63 (1941) 870. - 

101 J. THIELE, Ann., 306 (1899) 142. 
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C.H;—C—OH C,H,—_C=O 


| —> | -H 
C,H;—C—OH Cl Aee 
OH 






It is only by means of the artful device of instantaneous acetylation that 
he original, primary, formation of stilbene-diol during the addition of 
hydrogen can be detected. The stilbene-diol-diacetates cannot be formed 
subsequently from benzoin, for under the experimental conditions used this 
yields only benzoin acetate. 


Diphenylketene, 1,2-addition 1. 


Benzil 
C,H,—C—O C,H;—C=O C,H,—C=0 
CH,—¢—0 = C40 = cH—¢ + CO, 
(C,H;).>C=C=O (C.H,),>¢—¢—0 (C,H,),>€ 


(c) The System C=C—C=O 
(1) «,8-Unsaturated Aldehydes and Ketones 


Nascent hydrogen. 

Of the very numerous examples of hydrogen addition to the C=C-bond, 
let us mention only that of carvone 1%. Besides the conjugated system, this 
substance contains also an isolated double bond, which cannot be hydro- 
genated at all by means of nascent hydrogen. 


| 
iA ZO 2H Ax 2H zene 


_— —_— 


\ \ To 


Carvone Dihydrocarvone Dihydrocarveol = carvenol 


sym-Di-(sym-trimethylbenzoyl)-ethylene ™, reacts with zinc and acetic acid 
as reducing agent, as well as with catalytically activated hydrogen (platinum 
catalyst in alcohol at 0° C) somewhat as does benzil: 1,6-addition yields 
a labile dienol: 


CH, i 
| 
GH >-c—cH—cH-c_< SCH, => SR Geese een i ie 
I | 
nays | 
CH, CH; 


O O OH OH 


12 Hf. STAUDINGER, Die Ketene, p. 64. . 
12 OQ. WaLLacu, Amn., 275 (1893) 111; Ber., 24 (1891) 3990; Ann., 279 (1894) 377. 
1 R E. Lutz and W. G. Revety, J. Am. Chem. Soc., 61 (1939) 1854. 
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the presence of which has been proved by rapid separation of the reaction 
product, followed by re-oxidation to the starting material by means of 
iodine. . 

As an example of a 8,7 -unsaturated ketone in which the carbonyl alone 


is attacked, we may mention, 


2H 
—— 


Cs 


Cyclohexenylcyclohexanone Cyclohexenylcyclohexanol 1%, 


Under some circumstances a pinacol type of union between two mole- 
cules may take place as the result of reduction; this always occurs in the 
@-position. This shows that under the action of nascent hydrogen the con- 
jugated system adds on in the 1,4-positions, for otherwise, if only the C=C- 
bond were attacked, pinacol-type formation should sometimes occur also in 
the «-position 1° (Compare also pp. 618 and 625). 

As examples we have the reduction of benzalacetone 1: 


C,H,_CH=CH—C=0o C,H —CH-€H 620 
se RtGEL. ie CH, 
¢,H,—CH=CH—c=0 = GBbep eee 
| 
CH, CH; 
and the reduction of mesityl oxide 18, In this case pinacol-like formation 
is accompanied by a secondary reaction involving an intramolecular aldol 
condensation followed by the splitting out of water (Compare p. 296); this 
reaction-sequence is characteristic of unsaturated aliphatic ketones: 


(CH;),.Cc—CH—CO—CH, (CH;),C—CH,—CO—CH, 
27h 
+} ee a 
(CH;),C—CH—CO—CH, ~ (CH;),C—CH,—CO—CH, 
(CH;),C—CH,—C—CH, (CH,),C—CH,—C—CH, 
ge | MOS a7 jo + H,O 
(CH;),C—CH—CO—CH, (CH;),C—C—CO—CH, 


*““‘Desoxymesityl oxide’’ 
1°68 O. Wattacu, Amn., 381 (I9II) 97. 
106 J. THIELE, Ann., 306 (1899) too. 
17 C. D. HarriEs, Ann., 206 (1897) 295. 
108 C. D. Harriss and G. ESCHENBACH, Ber., 29 (1896) 380; C. D. HARRIES 
and F. HUBNER, Amn., 206 (1897) 295; C. D. Harriss, Ann., 330 (1904) 212. 
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Ammonia. 


Phorone yields triacetone-amine 1°: 


O O 
| I 
i) .6 CH C-CH—C(CH,), (ORC Or et tC —CiCt.). 
— 
HN-H +  H—NH, NH, NH, 
O 
] 
secondary Ho ae 
——$——————————— 2 2 
2 + NH, 
reaction (CH,),C C(CH,)s 
ES INEZe 
H 


Triacetone-amine 


Hydroxylamine 1, 


Mesityl oxide, with NH,OH-+NaOCH, (sodium methylate), undergoes 
addition to the C=C-bond: 


(CH,),C—CH—C—O (CH,),C—CH,—C=O 
H a | 
Zan 
HO—N CH; HO—N—H CH, 
SH 


Mesityl oxide with hydroxylamine hydrochloride, in either alcoholic or 
soda-alkaline solution, undergoes addition to the C=O-bond, followed by 
the splitting out of water: 


(CH,),C=CH—C=0 + H,NOH (CH,),C=CH—C—N—OH 
ae | =f H,O0 
CH, CH, 
Methoxyamine (= O-methylhydroxylamine) adds on to the C=C-bond 
of benzalacetophenone ™ 


C,H,—CH=CH—CO—C,H, + CH,ONH, = C,H;—CH—CH,—CO—C,Hs 
NHOCH, 


Numerous further examples for both of these modes of reaction are known 
among the unsaturated terpene ketones. 


109 W, Heintz, Ann., 174 (1874) 144, 175. 

10 C, D, Harries and F. LEHMANN, Ber., 30 (1897) 230, 2726; C. D. HARRIES 
and L, JABLONSKI, Ber., 31 (1898) 1371; C. D. HARRIES, Ann., 330 (1904) I9I. 

ut A. H. Bratt, J. Am. Chem. Soc., 61 (1939) 3494. 
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Hydrogen Cyanide. 
Mesityl oxide undergoes addition to the C=C-bond 1 


oe 
N=C—H CH, N=C CH, 


(CH,),C=CH—C=O (CH) Clee G 


Quinone undergoes addition to the C=C-bond in the following stages" 


O O : 
II | 
Cc C pees. 
Hes oH eyelets —=éHneen iC 0 ae 
fae ON ie eee | | 
H ees | 
c a c 
| | || 
O O O 
O oO 
| | 
HO tH He@getece 
| | THON => How oil =< 
HC ©1CCN HC eee! 
\c7 Seep 
| | 
O O 
O 
Wall I OH 
So ee Ey, \.. DH 
| mart | | mie l_cN 
HC C=C=NH HC Coos Pd 
Dat al ont er ais 
] | OH 
ieee ss OH 


2,3-Dicyano-hydroquinone. 
Cinnamic aldehyde undergoes addition to the C=O-bond 1: 


OH 
OH CH=CH C0 SH CH SCH Ci Coe 
+ | > | ~C=N 
H C=N H 


112 A, Lapwortu, J. Chem. Soc., 83 (1903) 999; 85 (1909) 1214. 

113 C, F. ALLEN and C. V. Witson, J. Am. Chem. Soc., 63 (1941) 1756. Compare also 
Teaver and J. MEISENHEIMER, Ber., 33 (1900) 675; B. HELFERICH, Ber., 54 (1921) 

44 A. Pinner, Ber., 17 (1884) 2010; G. PEINE, Ber., 17 (1884) 2113. 
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Sodium bisulfite. 


Cinnamic aldehyde undergoes successively both C=O- and C=C-addi- 
tion 15: 


H 
Cr ch-ch—C— a C,H,—CH=CH—C—OH — 
“SO,Na 
_H 
C,H,—-CH—CH,—C—OH 
“SO,Na 
SO,Na 


Numerous compounds possess a “reactive hydrogen”’ on the carbon atom. 
Among these are sodio-malonic ester and sodio-succinic acid ester. 

Compounds with a reactive hydrogen atom on a carbon atom can add 
on to other substances either in the form of their sodium derivatives or 
in the presence of sodium ethylate. This reaction, so important for organic 
synthesis, is called the MicHAEL-addition reaction 4®, As examples thereof 
may be cited one reaction each with sodium malonic ester (cyanacetic ester 
and malononitrile react in exactly the same way), and with diethylsuccinic 
ester. . 

Sodium malonic ester 7 (Compare pp. 594-5) reacts with mesityl oxide ; 


(CH;),>C—CH—C=0O (CH,),>C—CH,—C=0O 
+ | NaOC,H, | 
CH—H CH; — ore H—CH, 
oN 
C,H,;O.C CO,C,H,; Cen ele 
O 
(CH,),>C-CH,-C=O0 ——(CH)s>C—CH,—C=0 
saponification 
ee _¢H, ETE CH,—C—CH, 
reactions C,H,OH + Si ae ap cae eee b 
O O Dimethyldihydroresorcinol. 


5,5-Dimethyl-cyclohexane-dione-T, 3. 


Succinic acid ester subjected to the effects of sodium alcoholate * reacts 
with benzalacetophenone: 


C,H,—CH=CH—C=O C,H,.—CH—CH,—C=0 
+ — 
C,H,OOC—CH—H (C,H, C,H,OOC—CH C,H; 
CH,COOC,H, CH,COOC,H; 


115 C, BERTAGNINI, Amn., 85 (1852) 271; F. HEUSLER, Ber., 24 (1891) 1806; cf. also 
E. KNOEVENAGEL, Ber., 37 (1904) 4044. 

116 A. MICHAEL, J. prakt. Chem. [2], 35 (1887) 349; 43 (1891) 390; L. CLAISEN, Ann., 
218 (1883) 161; J. prakt. Chem. [2], 35 (1887) 413. 

117 PD. VORLANDER, Amn., 294 (1897) 273; 304 (1899) I; 345 (1906) 158. 

118 H{, STOBBE, Ann., 314 (190T) 113. 
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Bromine reacts with A,-menthenone "9; 





\ 


==) ig 
fae 


and with cinnamic aldehyde !”°; 


He. Bro zi 
kepsiot”t ! 
Bry j~—C—C—C=0, + —CH—CH—C=0 
C,H,-CH=CH—C=O —> in} oe Gia 
| Br H | Br Br 
Pee 


Two stereo-isomeric forms of cinnamic aldehyde dibromide, or «, $-dibro- 
mo- $-phenylpropionaldehyde are formed. 


Hydrogen halides. 

The constitution of the addition compounds has not been proved with 
certainty; the ability of the «,@-unsaturated ketones to form molecular 
compounds handicaps the investigators in their studies. As an example, we 
may mention the case of anisalacetophenone, which may add either 1 or 
2 moles of HCl. According to VORLANDER !?! the first mole is absorbed or 
added in accord with the equation: 


O O 
CH,O—C,H,-CH=cH_t_c.H, s+ HCLSS>. CH,O—C,H,—CH_—cH,_¢_c,H, 
Cl | 
Alkaline hydrogen peroxide 22, 


Mesityl oxide adds an atom of O to the C=C-bond: 


(CH,),>C=CH—C=O O  (CH,),>C——-CH—C=O 
seb Pas 


aS . 
CH, CH, 
as does also benzalacetone, 
C,H,—-CH=CH—C=0O C,H, =CH-ch tan 
—— ESL @ at 
CH, CH, 


ae O. WaLtacu, Nachr. Ges. Wiss. Gottingen, (1903) 231; Terpene und Campher, 2nd 
edition, p. 387. 

#0 F. Straus, Ber., 42 (1909) 2875. 

#1 D. VORLANDER, Ann., 341 (1905) 41. 

—- E. WEITz and A. SCHEFFER, Ber., 54 (1921) 2327; for an example from terpene 
chemistry see H. WieNHAus and P. ScuuMm, Ann., 439 (1924) 34. 
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The formation of ethylene oxides by the action of perbenzoic acid, which 
is characteristic for isolated double bonds, does not seem to run smoothly 
on a C=C-bond conjugated with a carbonyl #8, 


Catalytically excited hydrogen ™4, 
Various exanvples: 


ae O eet lo 
7S ies 
Pulegone _— Menthone 
| 
No 2H PG 2H I a =) 
| ere | ss 7 
\ 
Carvone Carvo-tanacetone 1!*° Tetrahydrocarvone 1%5, 126 


show that the isolated double bond is hydrogenated more rapidly than is 
one in a conjugated system. 
Benzalacetone is hydrogenated more slowly than is cyclohexene or 
meyrene 127: 
C,H,-CH=CH—C=0 -» C,H,;—CH,—CH,—C=0O 


, 


CH, CH, 


H H, 
C C 
ered te a ae 
HC CH, H,C CH, 
| | ——<t | tee 
H,C cH, 2 CH, 
ont rca Se 
H, Hy, 


C,H,—-CH=CH, —> C,H,;—CH,—CH,;; 


so that here too the conjugated system is found to be hydrogenated with 
greater difficulty than is an isolated double bond. 


123 KE, WEITz, Ref. 122, p. 2331; J. BOESEKEN, Chem. Zentralblatt 1927, 1, 725; K. Bo- 
DENDORF, Archiv. f. Pharm., 268 (1930) 491. 

124 G, Vavon, Bull. Soc. Chim. France [4], 41 (1927) 1253, gives a good review on 
the experience gained up to 1927. More recently H. WEIDLICH and M. MEYER-DELIUS, 
Ber., 74 (1941) 1195, have discussed the course of this reaction. See also This Text, 
p- 631. 

128 G, Vavon, Compt. rend., 153 (1911) 68. 

126 QO. Waxracu, Nachr. Gesellsch. Wissensch. Gottingen, (1913) 326; compare also 
carvone oxime in Terpene und Campher, p. 58; Liebig’s Ann. d. Chemie, 403 (1914) 74. 

127 G. Vavon and M. JaKe8, Bull. Soc. Chim. France [4], 41 (1927) 81 
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‘| 


Diphenylketene undergoes 1,4-addition to conjugated systems to form 


unsaturated 5-lactones 128; thus for p-methoxybenzalacetophenone ; A 
Ace CH,—O—C,H,—-CH—CH=C—C,H, 
CH,O—C,H,—CH=CH—C a | YA 
+ 0 | Fe 
(C,H;),C=C=O (C,H,),> C2 = C0 


p-Dimethylaminobenzalacetophenone reacts similarly: 


7 CoH C,H; 
(CH;),>N—C,H,—CH =CH—C=0O — Chahta ae ae 
aa 
(C,H;).>C=C=O (Ci).> Ce eee 
1,2-Addition. 
Formation of unstable #-lactones which lose CO, and form di-olefinic 
hydrocarbons }°9; 


Cinnamic aldehyde: 
asl cH 
C,H,—-CH=CH—C=0 C,H,—CH=—CH—C C,H,—CH=CH—CH 
=: aoa SO > ll + COg 
(C,H,;),>C=C=O L (CgHs)2>C 
(CsH;).>C—C=O 
Other aldehydes, such as benzalacetophenone, show analogous reactions. 


Magnesium organic compounds. 


1,4-Addition in spite of a (theoretical) possibility of 1,6-addition: 
Addition of phenylmagnesium bromide to phenylbutadienyl ketone 1%; 


CH,=CH—CH=CH—C=0O + C,H,;MgBr _-OMgBr 
—> CH,—CH—CH—CH=C —_ 
C,H; | C,H; 
Cau; 
CH,—CH—CH—CH=C—OH CH,—CH—CH—CH,—C=0O 
> | <= 
C,H; C,H; C,H; C,H; 


6-Phenyl-8-vin ylpropiophenone 
(2) «,8-Unsaturated Acids 


In general the various addition reactions of the «,@-unsaturated acids 
correspond to those of the «,8-unsaturated aldehydes and ketones. Only 
the addition of hydrogen cyanide need be mentioned as being of a new type. 
This is a 1,2-addition to the C=C-double bond 11, 


#28 H. STAUDINGER, Die Ketene, p. 64. 

#9 H. STAUDINGER, Ber., 42 (1909) 4249. This type of decomposition of the 6-lactones 
was first observed by A, EINHORN, Ber., 16 (1883) 2211. Compare also E. Orr, Ann., 
401 (1913) 159. ' 

180 E. P. KouHLer and F. R. BuTLer, J. Am. Chem. Soc., 48 (1926) 1036, 

131 J. BREDT and J. KALLEN, Ann., 293 (1896) 338. ‘ 
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Benzalmalonic ester adds the elements of HCN, at the same time undergoing 
aponification and fission of CO,; 


alcohol-aqueous 
C,H,—-CH=C<(COOC,H;), 





——- > 

solution of KCN 

C,H;—-CH—CH,—COOH + CO, + 2C,H;,OH 
CN 


saponification 
——_—_——> C,H,—CH—CH,—COOH 
of nitrile group | 
COOH 
Phenylsuccinic acid 


Free HCN does not add. 
Ethylidenemalonic ester —> Methylsuccinic acid. 


CH,—CH=C(COOC,H,), —> CH,—CH—CH,COOH —> CH,;—-CH—CH,—COOH 
| 
CN COOH 


In the case of an «, 8; y, 5,-doubly unsaturated acid the addition takes 
place in the same manner 1, followed by saponification of the ester and 
loss of one CO: 

Cinnamylidenemalonic ester 

C,H,—CH=CH—CH=C<(COOC,H;), > C,H;-CH=CH—CH—CH,—COOH. 
bn 

This type of addition of hydrogen cyanide is not limited to conjugated 
systems; it can also be carried out on suitable singly-unsaturated com- 
pounds, though the yields are then usually very low, thus #3; 


Allyl iodide 
CH,—CH—CH,I + 2KCN + H,O > CH,—CH—CH,CN + KI + KOH. 
CN 


Cinnamic acid, on the other hand, adds no hydrogen cyanide whatever 134. 

In order that a double bond may exhibit the capacity to add hydrogen 
cyanide, then, it is necessary that several constitutive peculiarities act 
together. Usually these interactions cannot be formulated together into 
a single simple expression 1%. 

Perhaps, in this case also, the addition does take place via a conjugated 
system, involving the formation first of allyl cyanide, which could then 


132 J, THIELE and J. MEISENHEIMER, Ann., 306 (1899) 247. 

133 A. CLaus, Amn., 191 (1878) 33; J. WISLICENUS and W. Evuter, Ber., 28 (1895) 
2952. 

134 J, TH1ELE and J. MEISENHEIMER, loc. cit., ref, 132, p. 251. 

135 Compare also A, MICHAEL and N. WEINER, J. Am. Chem. Soc., 59 (1937) 744- 
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react in a tautomeric form (Compare p. 264) that contains a conjugated — 
system: 
CH,=CH—CH,—C=N =: CH,=CH—CH=C—NH + H—CN —> 
_3 CH,CHCH=C=NH —>- CH -CH—CH,-cN 
bn by 

Catalytically excited hydrogen can, in the case of acids, attack isolated 
double bonds more readily than such as are conjugated with a carboxyl 
group. Thus allylacetic acid, CH,—CH—-CH,—CH,COOH, which contains 
an isolated double bond, is hydrogenated more readily than is dimethyl- 
acrylic acid, (CH3), >C—CH—COOH. Propylidene-acetic acid, CH, -CH,— 
CH=CH—COOH, with a conjugated system, is of course hydrogenated 
just as rapidly as is allylacetic acid #4, 


Polymerization. Polymerization, to form a cyclobutane derivative of the 
type so frequent among the ketenes, also takes place in cinnamic acid 
exposed to light 1%’. In this case, however, the two C=C-double bonds add 
to one another. Due to the unsymmetrical structure of cinnamic acid, this 
may take place in two different ways: 


C,H,;—CH=CH=COOH C,H,—CH—CH—COOH 


+ —> | | 
C,H;—-CH=CH—COOH C,H;—-CH—CH—COOH, 
,, Lruxic acid’”’ 
and 


C,H;—-CH=CH—COOH C,H;,—-CH—CH—COOH 
+ 
HOO—C—CH=CH—C,H, HOOC—CH—CH—C,H, 
»» Lruxillic acid’”’ 


Various stereo-isomers are also possible. 


(d) Crossed Double Bonds 


Nascent hydrogen 138, 
Dibenzalpropionic acid: 


C,H;—CH=C—CH=CH—C,H, G,H,—CH,—-CH—CH=CH 
+2H | 
HO—C=O tes HOC=O C,H, 


186 G, Vavon and M. Jaxe8, Bull. Soc. Chim. France [4], 41 (1927) 81. 

137 J; BERTRAM and R. Ktrsten, J. f. prakt. Chem. [2], 51 (1895) 325; C. N. RmBeErR 
Ber., 35 (1902) 2415; H. STOBBE, Ber., 52 (1919) 670; R. SrorRMER and E. LAAGE, 
Ber., 54 (1921) 77. 

188 J. THIELE, Ann., 306 (1899) 142, 145. 


ew 
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A,,;-Dihydroterephthalic acid: 


HO—C=O HO—C=0O 
payer 
—_— 
COOH COOH 


a-Vinylcinnamic acid undergoes both 1,4- and 1,2-addition of hydrogen 
simultaneously when treated with aluminium amalgam "9; 


AC sHs—CH,—C=CH—CH, 


C,H. CHC CH=CH,? COOH 
| Ne 
COOH C,H.CH,—CH—CH=CH, 
COO 


Bromine 14°, 141, 
1,4-Diphenylbutadiene-2-carboxylic acid very probably undergoes only 
I,2-addition: 


C,H,—CH=C—CHBr—CHBr—C,H, 





C,H,—CH=C—CH=CH—C,H, | 3, 
2 | 
HO—C=O mae HO—C=O 


The proof or detection of a primary 1,4-addition, a priori quite possible 
and probable 142, has not been carried out in this case. 


Diphenylketene. Addition to a C=O-double bond. 


Dibenzalacetone 4%; 


C,H;,—CH= CH... C,H;—CH= CHW 
C=O + (C,H;)>C=C=O0 — (24) iat 
C,11,—CH= CH gi -cH=CH| | 
Ox BA 
5 4 Saar ha | 


C,H;—-CH=CH.~_ 
C=C<(CeHs5)_ + COrz 
C,H;—-CH=CH~ 


(112) COMPREHENSIVE REVIEW ON THE ADDITION REACTIONS 
OF CONJUGATED SYSTEMS 


When one looks over the extensive experimental material on the addition 
reactions of conjugated systems, of which only a very modest extract could 


139 C. K. INGoLp and M. A. T. Rocers, J. Chem. Soc., (1935) 717. 
140 J. THIELE, Ann., 306 (1899) 142, 145. 
141 Ff. Straus, In Memoriam of J. THIELE, Ber., 60 A (1927) 115. 
42 J. THIELE, Ann., 306, (1899) 142, 145. 
43H. STAUDINGER, Ber., 41 (1908) 1494. 


— 
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be brought here, one finds that two groups of reactions can be distinguished, 
namely, addition reactions to neighboring atoms in the 1,2-positions, and — 
the additions in the 1,4-positions, or, in the case of continuing conjugated 
systems, at the ends of the conjugated system. In a number of cases it has 
been established definitely that the addition products observed are actually 
those formed primarily; in numerous cases, however, their formation by 
secondary rearrangement processes is not excluded. It is, however, true 
that, for all three types of conjugated systems, both primary 1,4-addition 
as well as primary 1,2-addition are known; as proof thereof we may cite 
a number of examples chosen at random. 

In the case of the system C=C—C=C primary 1,4-addition, 7.e. addition 
to the ends of the conjugated system, has been established definitely: 

Added thus are: 


Nascent hydrogen to diphenylbutadiene, etc. 

Sulfur dioxide to dimethylbutadiene. 

Nitrogen dioxide (i.e. N,O,) to diphenylbutadiene. 
t,2-Addition occurs: 


Bromine to diphenylbutadiene; hydrogen bromide to isoprene. 

Simultaneous 1,2- and 1,4-addition take place in the polymerization of 
isoprene to dipentene; furthermore also in the addition of chlorine and 
bromine to butadiene. 


For the system O=C—C=O; 


1,4-Addition—nascent hydrogen; 
1,2-Addition—Diphenylketene. 


For the system C=C—C=O; 
1,4-Addition—Diphenylketene to #-methoxybenzalacetophenone. 
1,2-Addition to C=C: 

Bromine to /\4-menthenone; polymerization of cinnamic acid. 
1,2-Addition to C=O: 

Diphenylketene to cinnamic aldehyde; hydrogen cyanide to cinnamic 
aldehyde. 

In numerous cases, however, it must remain an open question whether 
the primary addition was a 1,2- or a I,4-process, whenever, indeed, the 
observed reaction product could have been produced by a rearrange- 
ment of the primary addition product. This is true of almost all bromination 
reactions, for which 1,4-dibromides have been observed, for these are usually 
the more stable compounds, and can easily be formed from the 1,2-dibrom- 
ides by means of an allyl rearrangement. Furthermore, in the case of a 


tit ADDITION REACTIONS OF CONJUGATED SYSTEMS 619 


number of addition reactions involving the system C=C—C=O, or of 
longer-continued conjugated systems of the same type, it may, formally at 
least, be assumed that primarily 1,4-addition takes place, or addition to the 
ends of the conjugated system; in particular always when hydrogen can 
add on at least one of the ends. For then the primary products obtained are 
enol forms, the rearrangement of which to the more stable keto forms can take 
place readily under the experimental conditions. Thus, for example, for the 
reduction of the ketones with nascent hydrogen, two courses of reaction 
are possible: 

the 1,2-addition, 


¥i tf. 
>C=C—C=0O ey 
H—H — >CH—CH—C=0O 
or the 1,4-addition followed by rearrangement, 
poe’ 
>C=C—C=O >CH—CH=C—C—0H 
H————_-H —> 


be Mes 
>CH—CH—C=0O 
In spite, however, of great efforts, especially by THIELE, it has not been 
possible to produce proof for the second course of reaction. Such a proof 
would have to be carried out in a way similar to that for the course of the 
reduction of benzil. Nevertheless, the pinacol-like formation process accom- 
panying the reduction, usually as a side reaction, does indicate that the 
attack or addition of the hydrogen does occur, largely at least, at the ends. 
For the linking-up of the two molecules always takes place in the 6-, but 
never in the «-position. If the hydrogen added on to the C=C-bond (Com- 
pare p. 608), such an «-linking would have to be observed occasionally. 

While, therefore, the 1, 4-addition of nascent hydrogen seems at the least 
a quite probable course of reaction in the case of the «, #,-unsaturated 
ketones, it does seem nevertheless quite doubtful already in the case of the 
xz, @-unsaturated acids. According to the schematic formulation, addition 
to the ends of the conjugated system would in this case also lead to the 
observed reaction products. Thus in the case of muconic acid we would have: 

HO—C=O OH HO—C—OH 


| bibhst Zl Wiel 
CH=CH—CH=CH—C=0 —» CH—CH=CH—CH=C—O0OH 





OH 
Di-enol form of dihydromuconic acid 
HO—C=O 


iy EB ore a O 


OH 
Dihydromuconic acid. 
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In the case of fumaric or maleic acids: 


OH OH OH 
Pe : 
C=0 C—OH Ta 
i Vy ip 
HG HG 2 
I iaaeee ar gey c | 
H—C +2H HC HC 
aS IN ny 
‘C=O C—OH CHO 
: i Bed 
‘OH OH OH 
Maleic acid Dienol form of succinic acid Succinic acid. 


Whether or not the course of the reaction is actually as thus pictured 
can for the time being not yet be determined ™. 

Like the addition of nascent hydrogen, so too the additions of hydrogen 
halide, ammonia, hydroxylamine, among others, may appear as I,2-additions 
and yet fit into the scheme of primary 1,4-addition, as for example, 


dod / / am: 

>C=C—C=0 — C—C=C—OH —> >C—CH—C=0 
| | 

Cl————_H Gl Sl 


There is no reason, however, for considering or assuming that all reactions 
that can be formulated as primary 1,4-additions do actually proceed in this 
way, for there are of course also numerous primary I,2-addition reactions. 

One might perhaps be led to think that the reactivity of the C=C-double 
bond, which is usually so inert to such reagents as ammonia, hydroxylamine, 
bisulfite, sodio-malonic ester, etc., could in the conjugated system, 
C—C—C=0, be explained by means of the hypothesis of a 1,4-addition. 
The assumption of a special reactivity of the C=C-bond in the system would 
then become superfluous. Nevertheless, it must be remembered that in the 
case of a single double bond in a molecule, its reactivity relative to a parti- 
cular reagent may also vary within all possible limits, without our being able 
to give any explanation for this fact. Furthermore, the example of cinnamal- 
malonic ester, which adds HCN primarily in the I,2-positions to the C=C- 
bond, and the example of cinnamic aldehyde, which adds HCN on to the 
C=O-double bond, both show that the hypothesis of 1,4-addition, which 
in this case quite certainly does not occur as a primary reaction, does not yet 
enable us to comprehend all details of the reactivities of these compounds. 
The question as to whether a particular system, as C=C—C=O, undergoes 
primarily 1,4- or 1,2-addition must then, on the basis of available experience, 


44 Compare in this connection also the example of hydrogen addition to tere- 
phthalic acid as discussed on p. 631. 
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often enough remain an open one, and it is only for a few individual cases 
that probability arguments can be cited in favor of the one or the other 
possibility. 

We thus come to the conclusion that the compounds which contain 
conjugated systems react as if they corresponded to at least two different 
States of bonding. These two states cannot, however, be expressed by two 
different structural formulas, and thus differ from the tautomeric compounds. 
Nor do they correspond, as do the tautomers, to two forms capable, at least 
in principle, of existing as separate autonomous individuals. The one or 
the other state of bonding results only in the presence of those reactions the 
courses of which are due to this form (HUCKEL evidently does not here sup- 
pose the bonding state to be an equilibrium state constantly formed anew by 
dynamic equilibrium as the substance undergoes reaction. I’.H.R.) One may 
in general look upon the usual formula with two double bonds as a suitable 
symbol for the normal state of a conjugated system, for the relationships 
of isomerism are the same as for the case of two simple double bonds. 

At the same time we must take into account that there is without doubt 
a strong mutual influence exerted by the two double bonds, so that neither 
the bonding state of these two double bonds, nor that of the single bond 
between them, is exactly the same as in the case of isolated double bonds 
and a normal single bond. The second state of bonding, which one assumes 
on the basis of the 1,4-addition reactions, will normally occur rather rarely. 
It seems possible that the often very easily occurring isomerizations of 
cis-trans-isomers with conjugated systems, as, for example, in the case of 
the glutaconic acids, do actually pass through this second bonding state™ 
(Compare p. 522). 

A more precise formulation of the bonding relations in conjugated systems 
in the normal state, and for chemical reactions, can be given only by means 
of the concept of mesomerism and of the quantum theoretical conceptions 
upon which mesomerism is based (See Volume IT, Book IV, Chapter XVII). 

According to the viewpoint here reproduced, the reactivity of a conjugated 
system is then normally dependent not on the permanent existence of a 
particular state of bonding which cannot be represented by use of the 
usual formulas, but rather on the fact that a transition into such a state is 
possible. According to this, the reactivity of a system to 1,4-addition is 
given by the frequency with which this state will appear under the given 
experimental conditions. 

In this state the middle atoms appear saturated, the end-atoms appear 


148 Compare G. Wittic, Ann., 483 (1930) 146. In this connection compare the 
racemization velocity of the optically active «, y-dimethylglutaconic acid: T. H. Mc. 
Comps, J. Packer, and J. F. THORPE, J. Chem. Soc., (1931) 547. 
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unsaturated, and in part possessed of a reactivity comparable to that of 
the free radicals, in that the most varied types of substances can add on~ 
to them. If now these end atoms occur in a ring, a special mutual influence | 
is quite conceivable. And as a matter of actual fact, the cyclic compounds 
with conjugated systems do show certain peculiarities in their chemical 
and physical behaviors, when either the ends of a continuously conjugated 
system themselves join together, as in the case of cyclohexatriene (benzene) 
and of cyclooctatetraene “, 


H 
men CH—CH=CH 
HG. aan ] | 
| | and CH CH 
Hwee GH | | 
\C7 CH=CH—CH 
H 


or when ring-closure is effected by means of one methylene group, as in 
cyclopentadiene and in cycloheptatriene: 


H, H, 
yaa Zw, 

15 Cece eis i HC CH 
and | 
HC——CH He vs 

HC==CH 


The special relationships that govern in these cases will be discussed fur- 
ther on (p. 671 and pp. 680 etc.). 


(?v) THE STATE OF BONDING IN CONJUGATED SYSTEMS 


The question now arises whether the special state of bonding, which 
can in general be assumed to hold only as a temporary state during reactions, 
should be given a special notation, or mode of representation, or not. It is 
true enough that for the purpose of visualizing the course of the reaction 
such a special formulation seems quite useful, but it must also be remembered 
that in other cases too, we must often enough do without a visualizable 
description of a chemical reaction by means of formulas, as our experiences 
with rearrangement-transformations well teach us. We might also be all 
the more inclined to such a renunciation in this case because only. very 
coarse aids are available for a visual representation of the fine differences 


46 R. WILLSTATTER and E. Waser, Ber., 44 (1911) 3423; R. WiLisTATTER and 
M. HEIDELBERGER, [bid., 46 (1913) 517; A.C. Cope andC.G., OVERBERGER, J]. Am. Chem. 
Soc., 69 (1947) 976; H. S. KaurMan, I. FANKUCHEN and 'H. Mark, Nature, 161 
(1948) 165. 
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in the states of bonding by means of chemical formulations. In the case of 
the symbol for the double bond we have already shown how little the picture 
formula is really able to tell us about the true situation. It would only be 
really necessary to introduce new symbols if in any one case the new type 
of bonding state seemed to be stabilized. 

After his first extensive investigations on addition to conjugated systems 
THIELE was convinced of this necessity. For at that time he considered 
1,4-addition to be a Jaw hence the special bonding state in the conjugated 
system seemed to him to find expression in all reactions, if we neglect a 
vanishingly small number of exceptions in unsymmetrically built systems, 
especially in the system C=C—C=O. Hence, since this was the state which 
he regarded as normal, he had to find a written notation for it. It is only 
on the basis of THIELE’s belief in the general validity of 1,4-addition that 
we can understand his step to combine this notation with the attempt to 
formulate a general theory. On the basis of the then available data it is 
indeed a fact that 1,4-or terminal addition seemed established as a completely 
general rule for almost all addition reactions that had been investigated,— 
especially for the addition of nascent hydrogen and for the addition of 
bromine. It was only much later that it was found that, due to failure to 
take into account the allyl rearrangement, the constitution of the unsaturat- 
ed dibromides had not been determined correctly. Such cases as at first 
glance did not seem to fit into the scheme, such as the reactions of «-6-unsatu- 
rated ketones, could be interpreted without difficulty by assuming a very 
illuminating rearrangement of the 1,4-addition products, and therewith 
also a course of reaction that had been proved experimentally in the case 
of the reduction of benzil. A few exceptions that still remained in spite of 
this of course showed nevertheless, that occasionally, at least, additions 
could also take place in accord with the usual formulas; these, however, were 
restricted, as already mentioned, to the unsymmetrically built system 
C—C—C=O. THIELE believed himself justified in, for the time being, dis- 
missing them from consideration with but a brief remark on the different 
specific relationships of the adding atoms or molecules,—as for example Bro, 
HCN,—to carbon and oxygen 7, in order first to obtain a conception of 
1,4-addition from more general viewpoints. 

Without for the time being taking into account the theoretical considera- 
tions on the basis of which THIELE believed he could give an explanation 
for 1,4-addition, we shall now consider, on the basis of our present knowledge, 
the notation introduced by Tuer, freed as much as possible of its hypo- 
thetic scaffolding. Emphasizing only the strictly formal we have the following 
picture: 

147 See especially J. THIELE, Amn., 311 (1900) 248. 
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THIELE indicates each atom capable of addition by a dotted line, thus — 


writing ethylene as 


If then in the conjugated system such addition-reactive atoms are bound 
to one another by single bonds, then these dotted lines are connected 
together, which is taken as meaning an intramolecular equilibration or 
neutralization of capacity for addition. If the molecule is constructed sym- 
metrically, as in the case of butadiene and diphenylbutadiene, then this 
equilibration is complete; otherwise, as in the system C=C—C=0, it is 
incomplete. At the ends of the conjugated system there still remain addition- 
able atoms. These relationships are expressed by formula-pictures, such as 
the following for butadiene: 
In place of 
H,C=CH—CH=CH, 
we write | | 
H,C=CH—CH=CH, 


If now,—differing from Thiele,—we consider the chemical bond between 
atoms as formed, in accordance with the older theory, by linking together 
of hooklets the number of which is determined by the valence of the atoms, 
then THIELE’s formulation amounts merely to a new type of distribution 
of the hooklets. The intramolecular averaging on the two middle atoms then 
means the use of one hooklet from the neighboring double bond along with 
the two hooklets that already take care of the simple bond. If furthermore, 
we hold fast to the idea that each hooklet must be assigned to a particular 
bond, we now have in place of a simple bond represented by two hooklets, 
so to say, a one-and-one-half-bond effected by the linking together of 3 
hooklets. The hooklet necessary for this, the ‘“‘half bond’, is taken from 
the double bond, usually consisting of four hooklets, which double bond 
as a result is likewise reduced to a “‘one-and-one-half’’ or ‘‘three-halves 
bond”. Finally, the third bond of the conjugated system is also reduced to 
a ‘‘three-halves bond’’, and we then have one hooklet left over on one of the 
end atoms. In place of the original distribution: 


C=C—C=C C—C—C—C 
We NOW AVG. so ge ok 
ie ae a F 3+3+3+1 
or in terms of picture diagrams: 
in place of we have 


Oe rn er ee ane 
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We could thus see the cause for additivity in the one free hooklet at the 
end; in this way we would place the conjugated system in parallelism with 
a free radical. If the addition to the one end has once been set in motion, 
then afterwards the second end too can, after normal bonds effected by 
either 2 or by 4 hooklets have been formed, take up a further addend. That 
the addition reactions to the ends of a conjugated system do actually occur 
stepwise as represented in these pictures, and not completely simultaneously, 
is indicated by the simultaneous side-by-side reduction and _ pinacol- 
formation in the «,@-unsaturated ketones: First of all a hydrogen atom is 
added to the end where the oxygen atom stands; in the second stage a 
second hydrogen atom adds on either to the other end onto the carbon 
atom, or the same carbon atom joins unto the carbon atom of another mole- 
cule similarly attacked on the oxygen atom "8: 

C—C—C—O, —» C—C—C—O 


Ri age Mirae” Li SPE S 
H 





C—C=C—O 
ra on 
either H7 | 


or lef 
BN cue os ove Val 


This way of interpreting the state of bonding that leads to 1,4-addition 
does not seem to be reproduced in the same way by THIELE’s notation and 
graphical representation, since THIELE by means of his dotted lines to a 
certain extent distributes the free hooklet over the two ends. THIELE’s 
notation does however certainly have this justification,—that the posszbility 
of addition to each of the two ends does actually exist, and that it depends 
on the nature of the reaction as to the end at which addition will actually 
begin. 

But there are still other reasons which seem to justify the formulation in 
terms of addition-reactive atoms at both ends of the system. For we can 
comprehend the physical significance of the splitting up of a bond into two 
hooklets, as was done here, as well as the distribution of these hooklets, 
because, as we know today, these hooklets do possess a real existence in the 
form of the valence electrons of the atoms. The changes in the states of 
bonding therefore amount to changes in the electron-distributions, and that 
which has here been said as to the distribution of the hooklets can very 
easily also be translated into the language of the electron theory "9; likewise 
the electron formulas can be understood without more ado. If here again 

48 JoH. THIELE, Ann., 311 (1900) 249. 

149 W. O. KerMack and R. Ropinson, J. Chem. Soc., 121 (1922) 433. The represen- 
tations of the reaction-courses of 1,4-additions given there are not considered here 
because of their quite hypothetical nature; thus for example the 1,4-addition of Cl, 


to butadiene there cited as an example actually does not occur alone, but is accompanied 
rather also by a 1,2-addition, as in the case of the addition of Br, to diphenylbutadiene. 
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* 


we distribute the electrons so that each electron is assigned to a particular | 
bond, then butadiene receives the formula: ; 


H HH 4H 
CE OBOE 
H “i 


to represent the normal state; and the reactive state that appears in 
1,4-additions is represented by a three-electron bond, 


Heard elie ete eeiTemr 
Hep d ia viral ornliats elen{ Oca vihg neti. 
s. “Ms + 


H H iv oe 


rather than by the formula with the three-halves valence bond. 

In this formula, then, both atoms are distinguished, though in different 
ways. On one end (right in the formula as written) is a carbon atom, sur- 
rounded by 8 electrons, 7.e. a completed octet, one electron being, however, 
a singlet electron. On the other end (left above) is a carbon atom surrounded 
by only 7 electrons, while the two middle carbon atoms possess complete 
octets. The one (right) carbon atom has in a certain sense then a negative 
charge too many, the other (left) carbon atom a negative charge too few, 
so that the molecule has a positive and a negative end; it is therefore, in 
a certain sense, in this state, a ‘dipole’ (Compare p. 30 and Vol. II, Chapter 
XII). The end now, at which a given reaction will set in, or the attack 
first begin, cannot be stated a priori, since at one time the carbon atom 
at the positive end may have the tendency to complete its incomplete octet, 
while at the same time the carbon at the negative end will strive for‘‘activity” 
or participation of its singlet or lone electron, 7.e. of the “free hooklet”’ 15°, 

The difference in the two end-atoms demanded by the electron formula 
cannot be recognized in the usual mode of notation of THIELE, but it can 
be recognized in the notation derived. from the concept of hooklets; the 
latter again, however, contrary to THIELE, enables one to foresee only 
one reactive terminal-atom. The electron-formula thence combines the 
advantages of both notations, if at the same time we look upon the octet 
theory as valid: According to this both end-atoms are reactive, though in 
different ways. It is quite possible that in one group of addition reactions 


50 The assumption of oppositely charged ends of a conjugated System in its reactive 
state was made also by T.M. Lowry, Bull. Soc. Chim. France [4], 35 (1924) 907, 
though on the basis of another reasoning process, 
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it is the “negative” atom which is attacked first, while in another group it 
is the “‘positive’’ atom that is attacked first 11, 

Other dipole structures can likewise be derived with the aid of electron 
formulas, as for example 


H 1s = eas | 
eee ey tet -f = 
~ age eape iat :H, or more simply H,C—CH=CH—CH, 

H Se : 


Here the positive terminal atom bears a sextet, the negative end-atom 
an octet, while the middle bond is a double bond. 

The conjugated systems react in accordance with the meaning of such 
polar formulas, which can be constructed in quite analogous manner for 
the conjugated system, 


oa — 
C=C—C=0 = C—C=C—O 


as for example in the MICHAEL addition (See p. 611), where the addend, 
such as sodium malonic ester, undergoes fission into two polar components, 
Nat and -CH(COOC,H;),, and these then add on to the oppositely charged 
ends of the system in its polar representation. 

In this way it is possible also to explain easily the dark-reaction of 1,4- 
addition to butadiene (See pp. 602-3). Since trans-1,4-dichlorobutene is formed 
the chlorine must undergo polar fission, and in the very same instant react 
with only one side of the molecule; it can hence not as an intact chlorine 
molecule attack a ¢rvans-configuration of the butadiene according to the 
scheme: 


He lk SH niet ELS a ET 
Le ll CH. Bh wee “CH,Cl 
Cl==C) 


While a notation corresponding to the electron-formula, which sees a 
dipole in the reactive conjugated system, does not follow directly from 
THIELE’s considerations, it must be emphasized nevertheless that THIELE 152 
although on the basis of an incorrect concept of charge-distribution in an 
isolated double bond (which it is true, however, he introduces only with 
most cautious reservations), does express the possibility of such a formu- 
lation. By means of the electron-formula then, we are able to achieve a 


151 Naturally one could also formulate the conjugated system as a diradical: 


III III > : 
H,C—CH=CH—CH, or H,C—CH=CH—CH, 
182 Jou. THIELE, Ann., 306 (1899) 90. 
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sharper definition of our concepts than was possible before, and concep 
which could formerly be broached only as guesses, or suppositions, no 
reappear in more precise form. . 

While then we have in the electron formula gained a satisfactory expres= 
sion for the state of a conjugated system that goes into action in a I,4- 
addition reaction, and one which makes it comprehensible why the addends 
add just in these 1,4-positions, we must nevertheless not forget that byl 
means of the newly introduced symbolism of the three-halves or one-and@ 
one-half bond, C—C, or of the three-electron bond, C:C, we have only 





established the oan of the already long known difference in the nature of 
this state of bonding from that of the 


C—C or C:C, C=C or C: C, and the C=C or Ci 


bond states. As to the nature and mode of participation of these three 
bonding electrons we know just as little on the basis of the new formula 
as we know as to the nature and mode of participation of the four 
electrons of the double bond on the basis of the formulation C=C. The 
formula says absolutely nothing as to the stability of this new type of 
bonding state, or as to the frequency of the transition into the states with 
ordinary single and ordinary double bonds; in short, while we do probably 
learn something as to reaction-possibilities, we learn nothing whatever as 
to actual reactivities, or, expressed more exactly, reaction-velocities. 

On this last point then, these new formulas are just as silent as are all 
other chemical formulas. This is true in common of all,—that the relationships 
of reaction velocities that are specific simply cannot be given expression 
in a formula that is supposed to’be general. 

In the distribution of electrons as undertaken here, we have held fast 
to the principle of assigning a whole number of electrons to each chemical 
bond, so that each electron,—with the exception of the one unpaired 
one,—is assigned to a definite chemical bond. In the form of the electron 
theory of valence as here applied, then, the theory is more schematic than 
is THIELE’s hypothesis of partial valences. If now we wished to translate 
into the language of the electron theory of valence the divisibility of valences 
as demanded by THIELE, in which the division demanded is of course not 
one into segments of any particular size, it would only mean that the electrons 
and their charges would be distributed differently than is demanded by 
the classical formula; to what extent for example the double bond electrons 
participate on the middle C—C-bond of the conjugated system is a question 
that remains open so far as THIELE is concerned. The assignment of the 
electrons to certain definite bonds and atoms isnot thereby excluded, though it 
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ould however seem to be only a limiting case. This point of view, which 
comprises within itself a combination of the rigid electron theory of valence 
with the fundamentals of the THIELE hypothesis, corresponds approxim- 
ately to the concept which we have today of the bonding state in conjugated 
systems. We thus see the progress that was made by Thiele in this,—that in 
the final analysis Thiele rid himself of the assumption of the tacit assignment 
of a definite whole number of electrons to each bond or atom. It was only that 
he could not express this in such a way, since he did not yet know of the 
significance of the bonding dash as a symbol for two electrons; consequently 
his hypothesis was forced to resort to subdividing the bonding dash of the 
symbol for valence in the older notation (For a further discussion see 
Chapter IX, Section 10, pp. 692 etc.). 

Whither the newest conceptions as to electron-distribution in unsaturated 
and conjugated systems lead can be indicated only briefly here; the detailed 
treatment on broader foundations can only be brought in Vol. II, Book III, 
Chapter XVII, in connection with the problem of the chemical bond. In 
this the mesomerism already mentioned in Chapter V plays a role. The 
electron-distribution in the conjugated system lies between the distributions 
which can be represented in formulas by the written modes of classical 
notation, by an integral distribution of electrons to individual bonds and 
atoms; these formulas are hence only limiting formulas. An electron- 
distribution corresponding to them can never be achieved in detail, but 
only approximately; nevertheless these limiting formulas still retain their 
significance as reaction formulas. A single one of these formulas by itself 
is however never in a position to do justice to all the possibilities of the 
reactions of a conjugated system. 


(v) THE I,4-ADDITION OF HYDROGEN 


The electron theory of valence is therefore not able, even in its most 
modern form, anymore than is the THIELE hypothesis, to lead to the estab- 
lishment of a formula from which all modes or types of reaction can be 
read. It does however at least permit one to realize that such a search for 
a single structural formula, that should at the same time be a generally 
valid reaction formula, has no meaning, since there can be no such formula 
of the kind TurEte had in his time believed to have found. The question 
of how a conjugated system will react toward a given reagent, whether it 
will add in the 1,2- or in the 1,4-position, must be investigated separately 
from case to case. How difficult the relations are here will be seen already 
from the fact that the course of the addition to an ordinary double bond is 
by no means so simple as may appear at a first glance(See pp.578-9 and Chapter 
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X, pp. 765 etc.). The supposition hazarded by STRAUS 18,—that substan 
such as bromine that are added in the 1,2-position combine or fuse on as mo 
cules 154, while those that add on in the 1,4-position, as for example “‘nascer 
hydrogen or nitrogen dioxide, are first taken up by the conjugated syst 
as atoms or radicals,—can today be regarded as having been proved incorre 
since we know that the ordinary double bond practically never takes 
intact molecules. 

A corresponding hypothesis was made by G. VAvon }° to explain t 
difference between the catalytic hydrogenation and the so-called hydroger 
tion with ‘‘nascent”’ hydrogen 15%. According to this hypothesis, catalytica 
excited hydrogen adds on to one of the two double bonds of the conjugat 
system, 7.e. on to the neighboring atoms in the I,2-position in the form 
a deformed molecule, while so-called “nascent” hydrogen adds on as separ: 
atoms, and hence in two stages, in the 1,4-position. The same difference 
supposed to exist also in the case of the addition of hydrogen to carbor 
in the 1,2-position; the stepwise addition of “‘nascent’’ hydrogen would 
this case make understandable the pinacol formation that takes place s) 
by side with the simple addition of hydrogen; in the case of the cataly 
hydrogenation the formation of pinacol usually does not occur ( 
furthermore pp. 603-4, 616, 618). 

Occasionally of course, the formation of dimers has also been obsery 
in the hydrogenation of «, 6-unsaturated carbonyl compounds, as in t 
cases of citral 7 and dibenzalacetone 8. The relationships cannot howe} 
be quite so simple as VAVON assumes them to be. For this reason WE: 
LICH 9 has recently assumed, emphasizing the difference in the course 
hydrogenation in acid and in alkaline solutions, that in acid solution t 
reaction obeys an ionic reaction mechanism, or chemism, in which ¢ 
reaction begins with the addition of a proton, while on the other hand 


88 FF. Straus, Ber., 42 (1909) 2873. 

4 Compare for the contrary p. 524, on the bromination of maleic acid ester in whi 
under the co-influence of light however, one bromine atom first adds on to a cart 
atom; then further on pp. 593-4, 602-3 on the reaction of chlorine with butadie 
in which the chlorine simultaneously adds on in the 1,2- and the 1,4 positions. ] 
further reasons see R. G. W. NorrisH, J. Chem. Soc., 123 (1923) 3006; (1926) 55; a 
T. D. Stewart and K. R. Eptunp, J. Am. Chem. Soc., 45 (1923) 1014; also G, 
Heisic, J. Am. Chem. Soc., 55 (1933) 1927, on the addition of Br, to butadit 
which takes place not in the gas phase, but on/y on the walls of the reaction vesse 

85 G. Vavon, Bull. Soc. Chim. France [4], 41 (1927) 1283. 


186 Compare also R. WILLSTATTER and E. WALDSCHMIDT-LEI1z, Ber., 54 (19 
120. 


197 A. Skita, Ber., 42 (1909) 1634. 
188 W. BorscueE and J. WoLLEMANN, Ber., 45 (1912) 3719. 


199 H. A, WEIDLICH and M. MeyeErR-DELIUs, Ber., 74 (1941) 1195; also Die Chen 
58 (1944) 30. 
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alkaline solution the chemism is predominantly atomic 16, As illuminating 
as some of his proofs seem to be, there can still be no talk of a complete 
clarification of the relationships. 

As to the mode and manner by which the hydrogen on the catalyst 
boundary surface is transferred to a double bond one can up to the present 
express only guesses ; the available experimental data do not as yet permit 
of any decision as to the various conceivable possibilities. On the other hand 
we do already peer deep down into the chemism of hydrogenation with 
nascent hydrogen. Already the contrasting of the classes of compounds 
hydrogenatable by the two processes permits certain peculiarities exhibited 
in the hydrogenation with nascent hydrogen to show up. 

Catalytically excited hydrogen is added rapidly to isolated, more slowly 
to conjugated, and most slowly of all to aromatic double bonds; at least 
this is the rule, even though within the separate classes of compounds there 
are often obvious, theoretically not to be comprehended, differences in the 
velocities of hydrogenation. In principle every multiple bond seems to be 
catalytically hydrogenatable. On the other hand, “nascent hydrogen”’, 7.e. 
usually the action of sodium amalgam or of sodium and alcohol, is able to 
attack only conjugated systems, including the polynuclear aromatic, as 
well as the carbonyl; while isolated C—C-double bonds and benzene itself 
remain unchanged. Systems that only very slowly absorb catalytically excited 
hydrogen, such as terephthalic acid, can on the other hand exhibit great 
reactivity with respect to nascent hydrogen. In the case of continuously 
conjugated systems the nascent hydrogen is added on at the ends; in the 
case of the crossed double bond systems, to which class of compounds 
must also be counted substances with a double bond, or bonds, conju- 
gated to those of the aromatic nucleus, the hydrogen adds on in the 1,2- 
position. 

In case several possibilities of hydrogenation are present, then the ratio 
of the velocities with which the attack of the sodium is directed against the 
various positions to which addition can theoretically take place will depend 
to a great extent on the experimental conditions. In the hydrogenation of 
terephthalic acid, the hydrogen ion concentration exerts a strong influence. 
At pH = 9 to 9.8 the carbonyl group is attacked just as rapidly as is the 
nucleus, and the product consists up to about 50 % of p-toluic acid; at 
pH =: 12 up to 15, it is the nucleus almost exclusively that is hydrogenated, 
and the only product is A, dihydroterephthalic acid. This adds another to 


169 So far as the details are concerned, the interpretation of this atomic chemism by 
Werpiicu seems quite complicated. See in this connection also EUGEN MULLER, 
Neuere Anschauungen in der Organischen Chemie, pp. 138, 285 also, Naturwissenschafien 
u. Medizin in Deutschland 1939—1946 (Fiat Review of German Science, Vol. 34), (Theo- 
Tetical Org. Chemistry) pp. 71—74- 
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the already numerous examples that additions take place not only, 
THIELE thought, at the ends ofa conjugated system. Thus THIELE formulate 
the hydrogenation of terephthalic acid, 


HO—G=O HO—C—OH BOT 
| aie 
’ ak eS phon d ( 
+ 2H 
NN AH 
I 
HO—C=0 HO—C—OH HO] C=O 


It is not permissible, even for one and the same reaction, to speak of “a 
definite ratio of the magnitudes of the partial valences”’ at individual points 
on the molecule. 

Besides the addition of two atoms of hydrogen to a molecule in the 
hydrogenation with sodium amalgam, or with sodium and alcohol, one oftetl 
also observes an addition of two atoms of hydrogen to two molecules accom-_ 
panied by a doubling of the molecule. This type of reaction is best knowl 
in the case of the formation of pinacols from ketones (I); it occurs also” 
however in the addition of alkali metal to a hydrocarbon, as for example 


to 1,1-diphenylethylene (II); 4 
— 
CH CH C,H C.H,~ | 
Kane s0: bg EM wy Ser CeCe eg oc: 
615 et eds | CH G fig 
—> — 
CH CH, | C,H C,H 
PESO 220 rad POSE CHE “rT > CaCnE 
Chis CHa. Cie eS oe! 
I II H ? 


Two different reaction courses must be considered for the formation of 
the dimolecular compound. These will be discussed only further on, on the 
basis of the theoretical foundation which is available today for the hydrogen- 
ation with “nascent” hydrogen. 

By a hydrogenation with ‘‘nascent hydrogen” we usually understand, as — 
already mentioned, the action of sodium amalgam 16 (or also of aluminium 
amalgam as discussed on p. 617) in aqueous solution or in moist ether, or 
also the reaction with sodium metal in alcohol. More rarely such reductions 
are performed by means of zinc in glacial acetic acid solution 162, or in some 
other acid, or with zinc-copper alloys. In the last case the conditions that 


161 A. KEKULE, Bull. Acad. Roy. Belg. [2], 11 (1861) 84; H. Korse, Ann., 118 (1861) 
122; G. C, Fostrr, Ann., 124 (1862) 115; J. Chem. Soc., 15 (1862) 17. 

162 Wor the use of zinc and alkali see A. KEKULE, Ann. (Suppi.), 2 (1862) 85; R. An- 
SCHUTZ, in A. KEKULE, Lehrbuch d. organ. Chemie, II, Pp. 293. 
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prevail are comparable to those of an electrolytic reduction-in which the 
hydrogen is deposited on a metal surface at a definite electric potential. 
It was formerly believed that the hydrogenating action of sodium amalgam 
depended on the reducing effect of the hydrogen developed on its surface. 
But as WILLSTATTER has shown 1, the capacities of amalgams to liberate 
hydrogen and to transfer it to other compounds do not run in parallel: 
Thus a completely pure amalgam acts as the best hydrogenating agent, but 
develops hydrogen with water only very slowly, while an impure amalgam, 
especially one contaminated with iron, is able to exert only a very poor 
hydrogenating effect, while it reacts with water in a very lively way to 
evolve hydrogen, probably due to the reduction of the overvoltage and the 
formation of short-circuited galvanic elements by the iron 1. 

The formerly wide-spread assumption that in the hydrogenation by means 
of sodium amalgam atomic “‘nascent’’ hydrogen is added on, and a view 
which was held by KEKULE 1, KoLBE 16 and voN BAEYER 1® among 
others, must therefore be abandoned. Since hydrogenations with sodium 
and with alcohol can be carried through on the same types of compounds 
as can hydrogenations with sodium amalgam, the assumption of “nascent”’ 
hydrogen must be abandoned in these cases also 1°. 

WILLSTATTER therefore made the hypothesis ® that not hydrogen 
atoms, but rather alkali metal atoms, are first added on to the conjugated 
system or the carbonyl group, and that then later on these metal compounds 
suffer a hydrolysis to form the corresponding hydrogen compounds. This 
hypothesis, which will still be subjected below to detailed criticism, finds 
support not only in the fact that a sodium amalgam that acts as a good 
hydrogenating agent does not however develop free hydrogen,—on the 
contrary in the hydrolysis the hydrogen remains on the organic compound,— 
‘but also the established fact that those compounds which can be hydrogenat- 
ed by means of sodium amalgam or with sodium and alcohol can, in the 
absence of hydrolyzing agents, actually add on alkali metal. There is indeed 
a complete parallelism between the capacity of a compound to add alkali 
metal and to be hydrogenated by ‘‘nascent hydrogen’’. On the other hand, 
alkali metal has no effect upon the non-hydrogenizable isolated C=C-double 
bond. In the aromatic series, benzene and its homologs cannot add sodium 


R. WiLtstATTeER, F. Sertz and E. Bum, Ber., 61 (1928) 871. 
164 ©, AscHaNn, Ber., 24 (1891) 1865, footnote 2; A. v. BAEYER, Ann., 269 (1892) 

A. KEKuLt, Ann. (Suppl.), 1 (1861) 133. 

M. HERRMANN (pupil of KoLBe), Ann., 132 (1864) 75. 
167 A. vy. BAEYER, Ann., 269 (1892) 170. 

K. Z1EGLER, H. Cotonius and O. ScHAFER, Ann., 473 (1929) 49. 
2. WILLSTATTER, F. SE1tz and E. Bums, Ber., 61 (1928) 872. 
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metal 17; and corresponding therewith these hydrocarbons remain com- 
pletely unchanged when treated with sodium amalgam or with sodium and 
alcohol. The polynuclear aromatic compounds such as diphenyl, terphenyl, 
naphthalene, phenanthrene, and anthracene do, according to the studies made 
by SCHLENK and BERGMANN 11, more or less easily add on sodium or 
lithium, the ease of the addition usually increases in the order given. The 
thus resulting alkali-organic compounds yield on hydrolysis the dihydro- 
derivatives. The hydrocarbons just named can also all be hydrogenated 
by means of sodium and alcohol, or amyl alcohol. For further details the 
reader is referred to Chapter IX on Aromatic Compounds, in particular to 
p. 655. The unsaturated compounds, which contain a double bond conjugated 
to an aromatic nucleus, such as styrene, propenylbenzene, A, .-dihydronaph- 
thalene, diphenylethylene, triphenylethylene, and tetraphenylethylene, likewise 
add on alkali metal atoms, and can be converted into the saturated (in the 

side chain) compounds by means of sodium and alcohol. Conjugated systems 
with open chains have as yet been studied very little as to their capacity 
to add alkali metal. Tetraphenylbutadiene and diphenylbutadiene do add — 
alkali metal; and “nascent hydrogen”’ converts them into the corresponding 
dihydro-compounds. In the case of diphenylbutadiene, it seems however, at 
first sight, that the two reagents act differently, for the hydrogenation with 
sodium and alcohol yields tvans-diphenylbutene, while the addition of sodium 
or of lithium followed by hydrolysis leads, as SCHLENK and BERGMANN 11 
have found, to czs-diphenylbutene. As a result of this fact the stepwise — 
course of the reaction, 


C,H,—-CH=CH—CH=GH—C,H, + 2Na = C,H; -CH—CH—CH—CH—C,H, —_ 
Na Na 
2C,H,OH C,H;—CH,—CH—CH—CH,—C,H, + 2C,H,ONa 


required by WILLSTATTER’s theory seems to be called in question. Never- 
theless the steric course of an addition reaction does depend to a large extent 
on the experimental conditions, and it must furthermore be considered that 
in both cases the ‘“‘trans-trans-diphenylbutadiene”’ serving as the starting 
material could be transformed by the alkali metal into the stereo-isomeric 
forms, which could of course, depending on the conditions of the experiment, 
take place more or less rapidly than the hydrogenation itself. Finally in 
the first case too, the primarily formed cis-form can be rearranged by excess 

179 It is quite true, however, that benzene and sodium in liquid ammonia do react, 
and that the hydrolysis of the product does yield 1,4-dihydrobenzene. See J. P. WiBauT 


and F. A. Haak, Rec. Trav. Chim., 67 (1948) 85. Compare also U.S. Patent 2182242 


taken out by E. I. du Pont de Nemours and Co. (1938). Compare also This Volume, 
pp. 651 and 652. 


1 W. SCHLENK and E, BERGMANN, Ann., 463 (1928) 83. 
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alkali metal into the ¢vans-form (Compare p. 522). Hence we cannot look 
upon the results of the experiments of SCHLENK and BERGMANN 172 as a 
proof against the concepts of WILLSTATTER. 

Isolated double bonds cannot add alkali metal 17*, and are also not 
hydrogenated by means of sodium amalgam. Up to the present time the 
only exception known is the hydrogenation of A,-tetrahydroterephthalic 
acid, a reaction which indeed proceeds even more rapidly than that of the 
A,-tetrahydro ™ acid, which latter does contain a conjugated system. 

It is however nevertheless conceivable that the A,-tetrahydroterephthalic 
acid is hydrogenated in either its enol or dienol form: 


cal COOH HO—C—OH HO—C—OH HO—C=O 
| 
i an 
| = es = CO) 
a 

I 

COOH H COOH HO—C—OH H COOH 

A,-Tetrahydroterephthalic acid A,-Tetrahydroterephthalic acid 


In spite however of the far-reaching parallelism between the ease of 
hydrogenation by nascent hydrogen and the additive capacity of a system 
with respect to alkali metal, it must never be considered as a proof for the 
WILLSTATTER hypothesis, which demands the formation of a metal-organic 
compound as an intermediate product. This hypothesis is dogged by various 
weaknesses. It seems somewhat forced to assume such intermediate stages 
of metal-organic compounds in the case of metals other than the alkalis, 
as for example in the reaction with aluminium; furthermore we then lose 
the analogy to electrolytic reduction so strongly emphasized above. A still 
more weighty objection can be raised against this hypothesis from the 
standpoint of energetics: The hypothesis requires that first of alla very high- 
energy organo-metallic compound be formed, and that this substance then 
immediately again decomposes with the liberation of energy. This at once 
raises the question whether the reaction really does require passing over 
such a great energy barrier, as the formation of an organo-metallic compound 
would require. That this energy barrier is very great follows from the extreme 
slowness with which many additions of alkali metals to conjugated systems 
take place ; the hydrogenations with nascent hydrogen proceed incomparably 
faster. This fact can probably not be brought into agreement with the assump- 
tion of a metal organic compound as an intermediate step. The relationships 


172 W. ScCHLENK and E. BERGMANN, Ann., 463 (1928) 99. 
173 See most recently K. ZIEGLER, H. COLONIUS and O. SCHAFER, Ann., 473 (1929) 50. 


174 R. WILLSTATTER, Ber., 61 (1928) 880. 
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are similar to those in the electrolysis of a common salt solution; formerly 
it was assumed that the sodium ion is discharged at the cathode so as to 
form sodium metal, which then immediately reacts to decompose the water; 
today we know that because of the high potential which the deposition of 
sodium metal would demand (unless, as in the mercury bath method, due 
to the energy-liberating amalgam-formation, this potential is reduced by 
some special means) no sodium ion is discharged, but that the hydrogen lon, 
always present though only in small amounts, is discharged in place of it, 
In the electrolysis of table salt then, the hydrogen is not a secondary pro- 
duct, 7.e. one resulting via an intermediate step, but rather a primary product 
(if we neglect the union of H-atoms to form a molecule). 

As a matter of fact it is now possible, and without neglecting the signifi- — 
cance of the parallelism between the additive capacity for alkalimetaland ~ 
the capacity for hydrogenation by nascent hydrogen, to do without the 
assumption of the intermediate formation of an organometallic compound, 
and to set up an all-around satisfactory theory which takes account not 
only of the parallelism mentioned, and besides achieves just as much as 
does WILLSTATTER’s hypothesis, and indeed as regards one important point, 
which will be discussed later, even goes beyond this. This progress is achieved 
when we take thought about the participation of the bonding electrons in the 
processes: Considerations of this kind have, as was already shown in various 
cases previously, led to further results. 

The alkali metals, and the other non-noble or base metals which are — 
suitable for performing hydrogenations with nascent hydrogen, readily 
give up their valence electrons. After giving up these electrons there remain 
the positive metal ions, which are especially stable in the case of the alkali 
metals, and hence not very reactive as such. The first step in the reaction 
of an alkali metal atom will then consist in the loss of an electron to the 
substance with which it reacts. In the case of conjugated systems this 
suffices fully to initiate the reaction which finally leads to hydrogenation. 
For by this means those electrons which are necessary to bind protons are 
made available; these protons can then easily be gotten from out of the 
water or the alcohol, as for example: . 


| 


C,H,—CH =CH—CH = CH—C,H, + 295 —> 
C,H;—CH—CH =CH—CH—C,H, + 2H? (or 2HOH) —> 
C.H;—CH—CH=CH—CH—C,H, (or 20H-). 

ui 4 


The finally resulting 1,4-addition of hydrogen thereby appears as an 
original 1,4-addition of electrons. The conjugated system must accordingly 
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have an especially great electron-affinity at its ends. The assumption that 
follows from the theory here given can also be justified theoretically by 
means of the quantum theory; beyond this we can even make predictions 
as to the various reactivities of the conjugated double bond and of the 
polynuclear aromatic systems (Vol. II, Book III, Chapter XVII). 

If no substance capable of delivering protons is present, the formation 
of an alkali-organic compound will still take place, though only much more 
slowly. For this the alkali atorn must be withdrawn from out of the lattice- 
structure of the metal. This lattice-structure will contain the alkali metal in 
a bonding state which is at the least strongly polar, and which is probably 
best formulated as an ionic relationship, as for example, 


(C,H,_CH—CH=CH—CH—C,H,) Nay. 


Because of the spatial arrangement of the sodium atom in the solid, almost 
always intensely colored, salt-like compound, the same considerations will 
hold as were used in discussing the “‘structural formula’’ of sodium acetoacetic 
ester (p. 360). Since we are here dealing with a spatially-extended anion, the 
‘sodium ions must be closer to certain atoms than to others; we naturally 
assume that these are those at the negatively charged ends of the con- 
jugated system. From this point of view the formerly commonly customary 
mode of writing the alkali-metal-addition products, in which the sodium was 
bound to the carbon atom by a simple dash, still retains meaning today, 
though in a somewhat modified form: 


C,H;—-CH—CH=CH—CH—C,H, C,H;—-CH—CH=CH—CH—C,H; 
| | 5 3 ’ 
Na Na Nat Nat 
Old notation New notation 


This new, changed conception of the structure of these alkali compounds 
goes beyond the mere formality of different modes of writing to the extent 
that, for the ions in certain cases, account must be taken of a mesomerism, 
which would not be possible in the case of the homoeopolarly constructed 
compounds of the classical conception 1°. 

For the unsymmetrically constructed systems capable of adding on two 
atoms of alkali metal, the successive addition of the two atoms may proceed 
with markedly different velocities. Then it is however also possible that the 
intermediate step, prior to the addition of the second atom, will undergo 
some other further reaction. Such reactions are, as already mentioned above, 
known in the case of carbonyl compounds and some hydrocarbons; these 
reactions lead to dimeric products. The formation of these dimeric pro- 


175 Compare in this connection W. Htcker and H, BRETSCHNEIDER, Ann., 540° 


(1939) 157- 
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ducts may result in two different ways. For the sake of the explanation it i 
fundamentally irrelevant whether in this case we speak of a stepwise additio 
of electrons or of a stepwise addition of alkali metal. For the sake of con 
forming to the literature we shall here choose the latter mode of expression 
The addition of an alkali metal atom hence signifies, in what follows, th 
taking up of an electron by the adding atom, and the development of 
metal cation; in the formula this will not however be written as such, but 
rather the metal will be written directly adjacent to the atom (without th 
intermediation of the bonding dash) which takes up the electron. 

Pinacol-formation is usually explained as follows: By addition of only 
a single atom, on to the oxygen atom, a free radical is formed, which then 
undergoes addition with another similarly formed radical 1°: 






CH a Na CH CH 
Ree owissy “c—oNa *~c—ONa 
CH CHacats CH, 
—> 
CH CH. * CH 
a ee ES re Ne *~C_—-ONa 
OLS Pat a Nay Shr. CHa. 


This course of reaction is furthermore by no means improbable, because — 
the metal ketyl assumed as an intermediate step is actually capable of . 
existence under certain circumstances (Chapter IV, p. 207), and pinacols, : 
as for example benzopinacol, can be split by sodium alcoholate to yield — 
metal ketyls (p. 205). In the case of the reduction of benzophenone to ~ 
benzhydrol by sodium and alcohol, the formation of metal ketyls has been 
proved 1”". Beyond this however, the course of the reaction has not yet been 
rigidly proved. By means of this course, however, it is easy to interpret the ~ 
formation of pinacones in the electrolytic reduction of ketones on suitable — 
cathodes. Here only one electron is taken up, and an anion of the type — 
(CH,),>C—O: is formed. This then unites with another of 1ts own type to 
form a pinacolate anion. 

For the dimerization of hydrocarbons , as for example of 1,1-diphenyl- 
ethylene, this same course of reaction has been made improbable 18 as a 
result of the investigations of ZIEGLER 1°, For we can conceive of still 


76 E, BERGMAN and W, ScCHUCHARDT explain the course of the GOMBERG synthesis 
of aromatic pinacols, as effected by magnesium activated with iodine, in an exactly 
corresponding manner. Amnn., 487 (1931) 228. 

“7 W. E, Bacumann, J. Am. Chem. Soc., 55 (1933) 770. 

8 K. ZIEGLER, Ann., 473 (1929) 40. 

“9 While the papers of W. ScHLENK and E. BERGMANN, Ann., 479 (1930) 42, and 
of K. ZIEGLER, Ann., 479 (1930) 90, and especially p. 150, do not permit ofany final 
decision as to the course of reaction, they do not indicate any reason why the. views 
here expressed, and corresponding to those of ZIEGLER, should be abandoned. 
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another stepwise reaction, the addition of a di-sodium compound to an 
unchanged molecule, as for example: 


C,H CH, C,H nT PASS 
>C=CH, + 2Na = BEER GR Se Th ome Gey le, KP ipsey 
C,H, GHe-iNa Na oOcHy7 eon hea ? 
CsHs~_ 
Cu Or: 
C,H,~ Na 


That the alkali alkyls can actually add on to suitable multiple bonds in 
this manner has been shown by ZIEGLER. And indeed, those hydrocarbons 
which are able to add on to phenylsopropyl-potassium 18°, used as an 
example because it is the most readily available, do on treatment with 
sodium yield dimolecular products, while those hydrocarbons which cannot 
add alkali alkyls do add on two sodium atoms to the double bond. Thus for 
example 1,1-diphenylethylene reacts with phenyl/sopropyl-potassium to 
yield the compound 1,1,3-triphenyl-3,3-dimethyl-1-potassium-propane ; 


C,H, C,H 
C=cH, RCC 2081: 
CH nae 
KC—CH oa | 
a = 3 7CH 
CH; crit. 
| 
OED oe 


Triphenylethylene does not add phenylzsopropyl-potassium, though it 
does very smoothly add sodium to the double bond, and without any 
doubling up of the molecule: 


C—CH—C,H,; + 2Na —> C—CH—C,H,, 
Gye C,H,~ Na Na 


In the case of this reaction sequence, a doubling of the molecule is to be 
expected when the two primarily added alkali metal atoms exhibit very 
different reactivities with respect to a hydrocarbon. 

Here we again face the phenomenon of a different selective additivity 
of the double bond varying from case to case. The formula, the classical as 
well as the electron formula, even when the THIELE hypothesis is applied 
to it, cannot account for this fact (See also Vol. II, Chapter XVII). On the 
other hand, by taking into account the participation of the bonding electrons, 
this remarkable difference in behavior, as shown by a large number of 
unsaturated compounds with respect to halogen on the one hand and alkali 
metal on the other hand, becomes comprehensible; according to the THIELE 


180 K, ZIeGLER and K. BAnr, Ber., 61 (1928) 253. 
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hypothesis, however, this difference would not be expected, and hen 
remained for a long time unexplained and unexplainable. Such a discrepane 
or contrast is found, as known for a long time already, in the case 9 
tetraphenylethylene, which adds chlorine only incompletely, and bromine no 
at all, while it does add alkali metal (pp. 578, 582). Further examples ar, 
furnished by the class of the fulvenes 181. These fulvenes were discovered b 
THIELE, and are hydrocarbons which owe their name to their bright yello 
and red colors; they are formed from cyclopentadiene, or from indene, by 
sort of aldol condensation followed by loss of water (Compare p. 379) 1% 


H—C=CH C,H; H—C=CH._y C,H; 
| bios ou ake ES see | CBCO EGE 
H—C=CH~ Ge bls H—C=CH7~ C,H, 
Cyclo-pentadiene Benzophenone Diphenylfulvene 


They thus contain a system of crossed double bonds. This system adds on 
alkali metal very smoothly at the carbon atoms with the semicyclic bonds, 


>t=C< 


On the other hand halogen does not add on, but instead replaces the hydro- 
gen atoms on the carbon atoms of the five-membered ring by a substitution 
process. 

The difference in the behavior of a double bond with respect to alkali metal 
and halogen can be explained very simply as follows: the double bonds that — 
add on alkali metal are present in conjugated or crossed double-bond 
systems which exhibit a great tendency to take up electrons; in other words — 
they possess a certain electron-affinity which the isolated double-bond does 
not have. Now an alkali metal atom readily gives up its electron, and may 
thus satisfy the electron-affinity. Halogen atoms, however, themselves have 
a tendency to take on an electron, and hence will not give up an electron. _ 
When two halogen atoms add on to a double bond, then two electrons from 
the double bond are used up for the two simple bonds which are to unite 
the halogen atoms to the carbon atoms. If now a system of double-bonds 
has a strong affinity for electrons, it will, conversely, be so much the less 
in a position itself to furnish electrons for bonding purposes. The opposed 
polar character of alkali metal and halogen atoms is then the cause for their 
different behavior toward certain types of double bonds. 

This difference in behavior can also be expressed in the notational repre- 
sentation, if, as we have just done above, we write the bond formed by 


181 W. SCHLENK and E. BERGMANN, Ann., 463 (1928) 39; 479 (1930) 42; E. BErRG- 
MANN and A. v. CHRISTIANI, Ber., 63 (1930) 2559. 
182 J. THIELE, Ber., 33 (1900) 666. 
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addition of alkali metal heteropolar, bonding the alkali metal to the 
carbon atom without a dash, 7.e. not by an electron pair, while we continue 
to bond the halogen atoms to the carbon atoms, as usual, by means of a 
dash notation. 

The problem of the reactivity of conjugated systems and of isolated double 
bonds is then, as we see here most plainly, not to be solved by a general concept 
of the unsaturated character, or by a concept that appears to be general, 
but which leaves out of account the specific nature of the reactivity. For 
this it is necessary to know the interplay of the bonding electrons, as well 
as to take into account the polar differences, which may in the case of strong- 
ly unsymmetrically substituted double bonds also reside in these latter 
themselves (Compare Chapter X, p. 768). A knowledge of these factors 
is however not obtained by means of classical structure theory, and also 
not by classical physics, but rather only by means of the Quantum Theory 
(Vol. II, Chapter XVII). 

Nevertheless, already simply by means of the electron theory of valence, 
some structure-formulas can be written in what is in a way a polar 
form, so as to give ready and unforced visual representation to the courses 
of certain reactions with typically polar partners (See p. 626), without in 
any way having to make use of the quantum theory. This theory is, however, 
necessary as soon as we wish to represent the reaction capacity for all 
possible reactions that can be represented by means of formulas with 
different electron-distributions, and when we wish to understand completely 
the bonding state as such. 
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({! THE FORMULAS OF AROMATIC COMPOUNDS 


Under aromatic compounds we understand substances derived from~ 
hydrocarbons containing considerably less hydrogen than the paraffins, 
and which, unlike other low hydrogen or “unsaturated’’ compounds, are 
usually relatively stable and inert. The most important of such parent 
hydrocarbons are benzene, C,H,; naphthalene, C,)H,; anthracene, C,H 
and phenanthrene, C,H, . Closely related are a number of nitrogen- 
containing compounds; pyridine, C;H;N ; quinoline and zsoquinoline, C,H,N; 
and acridine, C;;H,N; in which an N atom appears in the place of a CH 
group. The low hydrogen content of the aromatic compounds, which 
KEKULE at first sought to explain by means of a “closer grouping” or 
packing of the atoms, can be understood on the basis of the later views 
of KEKULE based on the tetravalence of carbon, if one assumes simultane- 
ously a ring-arrangement of the carbon atoms, as well as double bonds 
between the atoms of the molecule. It then appears remarkable, however, 
that the chemical behavior of the aromatic compounds does not exhibit 
the usual reactivity of the olefinic double bonds 1, 

Furthermore, the introduction of three double bonds would seem to 
have changed the symmetry of the benzene molecule; in place of the hexa- 
gonal symmetry with a single six-fold axis has appeared trigonal symmetry 
with two polar, three-fold axes. Consequently, according to the KEKULE 
formula, there ought to be ‘wo ortho-disubstitution products. For the carbon 
atoms which carry the substituents can be united either by a double bond 
(I) or by a single bond (II): : 


H H 
C i 
Me 
Hie TR HC CR 
| | 
HC CR | Nee 
eT ead SO 
| 
H H 
I Il 


~ 


1 A. KEKULE, Ann., 162 (1872) 86. 
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Since isomeric ortho-disubstitution products are never observed, KEKULE 
as compelled to introduce an additional auxiliary hypothesis in order to 
emove this discrepancy between experience and the theory; he assumed 
hat the double bonds in benzene are not held fast, but continuously change 
lace, 7.e. oscillate, so that the formulas of structures I and II represent 
nly different states of the same compound stable for short periods of time. 
his oscillation hypothesis of KEKULE, (this designation does not come 
trom KEKULE), is first of all a “hypothesis of embarrassment”, arational- 
ation, for which only much later experimental evidence gave a justification. 
In order to avoid such a hypothesis, CLAus, in his diagonal formula for 
yenzene (1867), simply bonds together the opposite fourth valences of the 
sarbon atoms in such a way that the total symmetry of the benzene 


1exagon is retained. 
Fain 
Gil: 


Furthermore, LADENBURG in his prism structure, in which he departs 
rom the assumption of a planar hexagon, and arranges the atoms in three- 
limensional space, avoids the need for a subsidiary hypothesis; but this 
tructure, as already mentioned (p. 23), is invalidated by BAEYER’s proof 
hat o-phthalic acid on hydrogenation gives cyclohexane-1,2-dicarboxylic 
cid. 

A structural formula for benzene must however do more than merely 
rive the bonding conditions in benzene, for there are yet other polynuclear 
\romatic compounds in which likewise a hexagonal ring must be assumed. 
[The KEKULE formulation can be applied to these directly, but there are 
till several possibilities. 


Pe, outs) ee 
/\Y WN 


Naphthalene, symmetric for- Unsymmetrical structure. Only 
mula proposed by ERLENMEYER, one ring is a benzene ring. 
1866, Both rings are benzene 
rings. 
Oe. Oa 
AAG DADS | 
Anthracene, 2-benzene rings Only one benzene ring 


The bonding isomers to be expected here have never been observed. By 


ipplying the KrKUuLE oscillation hypothesis also to these polynuclear 


romatic compounds, however, an interpretation for this fact is found. 
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GRAEBE proposed a structure for anthracene ? which is a combinati 
of the KEKULE and of the CLAus benzene structural formulas; the out 
rings are true benzene rings, while the middle ring has a CLAusian diagon 
bonding. The structure of the middle ring in the GRAEBE anthrace 
formula corresponds to a formula proposed by DEWAR ? at about the sa 
time for benzene, 


Geena (N 
WAY VV 


Anthracene according to GRAEBE Benzene according to DEWAR 


The diagonal formula of CLAus can be applied to naphthalene only i 
one assumes that there is no bond whatever between the two middle carbo 


atoms ?; 

las ct ee 
ee : 

RIScis 


i 


The LADENBURG prism formula is not able to explain the existence of 
polynuclear aromatic organic compounds. ; 

The examples here cited should suffice to show how the problem of 
accounting for the fourth carbon valence bond in aromatic compounds can 
be “solved”’ in various ways. Not all possible solutions have been given here, 
but rather only those which have taken reasonable account of the symmetry 
relationships of the molecules. Phantasy is left a wide play-field; there 
are therefore numerous structural formulas for benzene, including three- 
dimensional ones built up out of tetrahedra, by means of which the pro-— 
ponents have sought to interpret various reactions of the aromatic com- 
pounds. 

The scientific value of these speculations must be regarded as practically 
zero, for in no case have they led to the performance of clear-sighted and 
discerning experiments, but have limited themselves to more or less forced _ 
“interpretations” of already known facts °. 

Quite different from any of these speculations, the KEKULE benzene 
formula gives incitement to an experimental treatment of problems which 


* C, GRAEBE, Ann., (Supplem.), 7, (1867). 313. 

% J. Dewar, Proc, Roy. Soc. London, (1866—1867) 82. 

* CLaus himself proposed another unsymmetrical naphthalene formula: The formula 
above is taken from LAUBENHEIMER’s Lehrbuch d. Org. Chemie as cited by BAMBERGER 
in Ann., 257 (1890) 49. The electron formulas for benzene, naphthalene, anthracene, 
etc., as inferedly constructed by L. Paurinc on the basis of the Bour theory (See /. 
Am. Chem, Soc., 48 (1926) 1 140) are essentially nothing more than schematic structures 
in accord with the ideas of CLaus. 

* For a summary see G. Wirric Stereochemie (Stereochemistry), pp. 157—160. 
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an be deduced from it. According to the KEKULE formula, analogies 
tween the aromatic and the unsaturated poly-olefinic compounds are 
o be expected; on first glance, however, these do not appear to exist. 
ore thorough investigations must therefore be made to determine whether 
some way or other the aromatic compounds do or do not exhibit simi- 
larities to the unsaturated compounds. 

The CLaus structure limits itself to a representation of the symmetry 
of benzene and does not inspire any such investigations. 

In all work dealing with investigations as to the bonding states of carbon 
atoms in aromatic compounds one must not leave out of consideration the 
changes in the bonding states which may occur when chemical reactions 
attack those atoms the bonding states of which are being studied. By the 
method of chemical reactions information can be obtained always relative 
only to the excited state of the molecule. Conclusions as to the state of the 
bonds in the unexcited molecule cannot be drawn from this information 
about excited molecules without making a number of rather uncertain 
assumptions. From the very beginning one must therefore be prepared to 
find that different kinds of chemical excitation produce different conclu- 
sions as to the state of the bonds, so that in some circumstances one is face 
to face with phenomena bearing a certain resemblance to tautomerism. 
Furthermore, it is not at all necessary that the physical properties as 
determined for the unexcited molecule should coincide with those to be 
expected from the modes of reaction of the excited molecule. For these 
reasons the otherwise so useful principle of minimum structural change in 
chemical reactions is to be used only with great care in dealing with problems 
in which the problem of structure becomes one of the nature of atomic 
bonding, i.e. a problem of constitution (Cf. also This Text, Vol. I, p. 20). 

Because of these difficulties we shall not immediately set out to determine 
a constitutional formula for benzene, but rather to answer the question : 
Does the KrekuLté formula give a convenient graphical representation or 
picture of the syntheses of benzene as well as of its degradations to simpler 
compounds? Having once established the usefulness of the KEKULE con- 
stitutional formula as a reaction formula, we shall then go on to seek for 
analogies with the unsaturated compounds. This is possible in two ways. 
first by trying to carry out on aromatic compounds those reactions which 
are characteristic for unsaturated compounds; and secondly, the reverse, 
trying to carry out on unsaturated compounds those reactions which are 
characteristic of aromatic compounds. And finally, a comparison of the 
physical properties of the two classes of compounds must be made. Only 
from the sum-total of all of these experiences will it be possible to decide 
whether the KEKULE formula is the true constitutional formula for benzene, 
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or whether it can merely be used as a reaction formula, convenient fo 
visualizing the course of chemical reactions; 7.e. whether the analogies t 
be expected from it with the unsaturated compounds are really foun 


simultaneously. 


(42) SYNTHESES AND DEGRADATIONS OF THE AROMATIC NUCLEUS 
(a) Syntheses 


All syntheses of benzene and of its derivatives can be represented con 
veniently by means of the KEKULE formula, according to which benzen . 
is none other than cyclohexatriene. After what has just been said above, 
these syntheses cannot be accepted as a proof of this structure. As examples 
we may cite: the synthesis of benzene from acetylene at about 500° C 
(BERTHELOT, 1866) ; 


: 
an . 
| i; 
Ilj tas . 
He—Ge_ CT H—C C—H 
ii ae Mar TF 
HG S46——E hte C—H 
\\ Pies ack 
C | 
| H | 
H 


At the present time, by means of the REPPE method §, working at 60—70° 
C. at 15 atm. pressure, and using a triphenylphosphine—nickel carbonyl, 
[CeH5)3P]..Ni(CO)., catalyst,—this reaction can be carried out to give an 
88% yield, alongside of some 12% of styrene. 

We have furthermore, the formation of sym.-trimethylbenzene (mesitylene) — 
from acetone by the action of diluted sulfuric acid (R. KANE, 1838) ; 





ma 
Cy CH 
HA. 0 Ms 
J ow 
A, A, Hr Seg 
| Hea, I + 3H,O 
i es A ornare 8) ok AT ST 
| bes 644 
H,C—C C—CH, i 
NCH, 0% a 
th 


6 W. REprE, Neue Entwicklungen auf dem Gebiete der Chemie des Acetylens und des 
Kohlenoxyds (New Developments in the field of the Chemistry of Acetylene and of 
Carbon Monoxide), p. 90. Springer Verlag, Berlin—Géttingen—Heidelberg, 1949. 
Also W. ReEppe and I. G. SCHWECKENDICK, (to I. G. Farben), German Patent 78573) 
24 Nov., 1944, and 6 Dec., 1945. 
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The systematic, stepwisely retraceable, synthesis of cyclohexatriene, from 
cyclohexane via cyclohexene and cyclohexadiene, was carried Picicls by 
WILLSTATTER and Hatt’. By means of the method of exhaustive methy- 
lation, WILLSTATTER introduced one double bond after the other into the 
saturated six-membered ring of cyclohexane; the cyclohexatriene product 
which he thus obtained was identical with benzene. This synthesis consists 
of the following sequence of reactions: 








CH,—CH,—COOH CH,—CH — 
, 2 2 SAGs aN H, Paar uithar HO 
a — CH, C=0—-> CH, CHOH ——~> 
CH,—CH,—COOH \cH,—cH” \cH,—CH,” 
Pimelic acid Cyclohexanone Cyclohexanol 
Br N(CH;)s 
| 
CH,—CH CH,—CH — 
Shia TR PRHNGE Pee EST 
~™ nie ate — CH, CH —> 
T —_— 
CH,-CH, 2 \cH,—CH,” DSi ene Reay ake 

Cyclohexene 1,2-Dibromo-cyclohexane 

N(CH,),)OH Br 
CH,—CH CH=CH — 

BL ok Ui nica eget N(CHale EE ee eet aes, 
5 eh 0 eet pk — CH, CH—> 
Se = oe 

CH,—CH . CH,-CH” yet SS NcH,-cH7 
Br 
Cyclohexadiene 
N(CH,),)OH 
2HN(CH,),—2HBr  _/ ss aaetaate — 2N(CH;); Y ate 
la ee ne HC CH — H—-C CH 
+2C 31,Ag,O \cH,—CHY” — 2H,O \cH=CH” 
3 steps as above Cyclohexatriene = Benzene 


N(CH;),;)OH 


This proof, furnished by WILLSTATTER, that in the synthesis of cyclo- 
hexatriene the product formed is really benzene, is just as important as 
the proof of voN BAEYER that cyclohexane and hexahydrobenzene are 
identical. 

For even though, on the basis of the synthesis, it is impossible to draw 
any definite conclusion as to the bonding relationships in benzene (i.e. a 
C=C=C-system could conceivably be formed), at least it has been shown 
that it is not possible to prepare, by this method at least, an isomeric 
cyclohexatriene different from benzene. 

7 R. WiistATTER and D. Hartt, Ber., 45 (1912) 1464. 
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(b) Deeradations 


In most degradation reactions of the aromatic nucleus which lead 
compounds with an open chain, only the end products of the reaction c 
be isolated, while the course of the reaction via several intermediate stage 
still remains a dark and untransparent mystery. From the constitution 
the end products we are able to conclude only that the assumption of th 
KEKULE formula for benzene does not lead to contradictions. 

Most clear of all is the degradation by means of ozone *. Ozone adds o 
to benzene just as it adds on to unsaturated compounds, and yields 
benzene-tri-ozonide, which can be split just as is an ozonide of the olefi 
series, and then yields three molecules of glyoxal: 


H O02 H 






H 
C [EON x 
HC CH HC CH C0 
eye oe | >0,;—>3 | _ +30 
HC’ CH HC CH =~ 
SC sc 
H OH ie 


In the case of o-xylene the same method yields a mixture of glyoxal, 
methylglyoxal, and diacetyl®; when working in chloroform at —25°! the 
ratio of products is 3.2 : 2.0 : 0.88. Hence the xylene molecule has reacted 
to an equal extent according to each of the two possible KEKULE formulas; 


ON cH 2 moles methylglyoxal \_-CH 2 moles glyoxal 

Gun. PIG ip Se tenes “ 

\ 8 I mole glyoxal. Vi : 1 mole diacetyl. 
This gives a total ratio of glyoxal: methylglyoxal: diacetyl = 3 : 2.3m 

in good agreement with the value found experimentally. 


The biochemical oxidation of benzene in the organism of the rabbit 


yields, though only in very small amounts, a butadiene-1,4-dicarboxylic 
acid (muconic acid) melting at 298°; 


* C. Harries and V. Weiss, Ber., 37 (1904) 3431. 

° A. A. Levine and A. G. Coz, J. Am. Chem. Soc., 54 (1932) 338. 

10 J.P. Wisaut and P. W. HaayMan, Nature, 144 (1939) 29; Rec. Trav. Chim., 60° 
(1941) 842. Similarly, 1,2,4-trimethylbenzene yields a mixture of dimethylglyoxal, 
methylglyoxal, and glyoxal, in a quantitative ratio that likewise indicates the equi- 
valence of the 6 C—C-bonds in the benzene ring. 

1M. Jarre, Z. physiol. Chem., 62 (1909) 58. The proof that the muconic acid is 
actually derived from the benzene, and is not a physiological defense mechanism, was 
furnished by K. BernuarD and E, Gress_y (Helv. Chim. Acta, 24 (1941) 83), who 
fed the test animals deuterium-containing benzene. The muconic acid could be formed 
by way of phenol and pyrocatechol, which are eleminated in the urea, after benzene 
poisoning, as the gluconic acid esters. For the preparation of phenol from pyrocatechol 
ree ae of peracetic acid, see also A. v. WACEK and R. FIEDLER, Monatsh., 80 
1949) 170. 
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H 
C 
Oe Bias 
HC CH “H—C=CH—COOH 
a i oY quar 
te —C=CH—COOH 
H 


Here the ring has been opened at one point only, but the six carbon 
atoms have remained together. The product formed is not however the 
to-be-expected cis-cis-form, but rather probably the trans-trans-form of 
butadiene-1,4-dicarboxylic acid }. 

By means of permanganate the oxidation can be carried still further. 
In this case, however, the reaction takes place only in acid solution, 
and not in alkaline solution, such as is the case for the unsaturated com- 
pounds. The reaction yields maleic acid. This substance is obtained in 
still much better yield by the action of free oxygen under the catalytic 
action of a vanadium salt: 


: COOH 
rs roe 
ge a> || + 2CO, 
LP H—C 
i My SOT AIS | 


How little, however, one is justified, on the basis of this result alone, 
in at once assuming the existence of double bonds in benzene ®, is shown 
by the oxidation using chloric acid, which likewise yields maleic acid. This 
reaction shows that before the ring is split the state of bonding in the 
aromatic system undergoes far-going changes. 

The first product formed that can be isolated is mono-chlorobenzoquinone, 
which no longer contains the benzene ring system, but instead a quinoid 
system, one double bond of which then undergoes further fission with the 
formation of the so-called ‘‘trichlorophenomalic acid’’; this on hydrolysis 
yields maleic acid ¥. 


12 The cis-cis form melting at 187° can be obtained from o-benzoquinone (as 
well as from phenol) and peracetic acid. The yield from pyrocatechol at—10° Cis 85%, 
—_G. SPENGLER and E. SIGGEL, German Patent Application V 441 (120), Sept. 30, 1944. 
For the proof of the configuration see J. BOESEKEN and G. SLOOFF, Proc. Acad. Am- 
sterdam, 32 (1929) 1043; Chem. Zentralblat, 1930, I, 1286; also J. BOESEKEN and 
C. L. M. KERKHOVEN, Rec. Trav. Chim., 51 (1932) 964. The cis-tvans-acid has almost 
the same melting point as does the cis-cis-acid; J. A. EtvipGce, R. P. LINSTEAD, 
P. Sims, and B. A. OrkIN, J. Chem. Soc., (1950) 2235. 

18 According to the investigations of J. SALKIND and S. SOLOTAREW (ZALKIND and 
ZOLOTAREV) it is not improbable that the oxidation with V,O; at 410—430° C goes 
via the hydroquinone and the quinone. See Chem. J. Ser. B., J. Applied Chem. 
(U.S.S.R.), 6 (1933) 681; also Chem. Zentralblatt, 1935 I, 2668. 

4 A, KEKULE and O, STRECKER, Ann., 223 (1884) 170. 
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“Trichlorophenomaleic’’ acid Maleic acid 







The process that takes place in the first observable step of the reaction 
the transition from the benzenord to the quinoid system, 


cannot be read or foreseen directly from the KEKULE formula, as KEKUL 
himself already emphasized ©, 


(702) SUBSTITUTIONS AND ADDITIONS ON THE AROMATIC NUCLEUS 


(a) Substitution Reactions 


A series of reactions in which the end-effect consists in the union of 
hydrogen atom attached to the benzene ring with one part of the molecul 
of the reacting substance, while the other part of this reacting molecule 
enters as a new substituent in place of the hydrogen of the benzene ring, 


he a se iy + HA 


is considered as characteristic of the aromatic compounds. Examples 
of such reactions are the nitration with nitric acid, and sulfonation by 
means of sulfuric acid. Here the nitro group, NO,, and the sulfonic acid 
group, SO3H, become attached to the benzene nucleus in place of a hydrogen 
atom. FARADAY in his time had already used these reactions to characterize 
benzene. Halogen too, can, though only in the presence of carriers (trans- 
mitters) such as ferric chloride, antimony trichloride, iodine, etc., act as a 
substituting agent. A further substitution reaction easily performed on 
aromatic compounds, that may be mentioned here, is the FRIEDEL-CRAFTS 
synthesis. 


© Loe, cit., p. 649, footnote 14, Pp. 193—194. 


wt SUBSTITUTIONS AND ADDITIONS ON AROMATIC NUCLEUS 651 


In this reaction, likewise carried out under the catalytic influence of 
carriers such as aluminium chloride, organic acid halides and alkyl halides 
are brought into reaction with aromatic hydrocarbons: hydrogen chloride 
(halide) is split out and evolved; and ketones, or hydrocarbons, respectively, 
are formed, thus: 


ye) AIC], pee) 
C,H, + Cl—C—CH, ——> C,H,C—CH, + HCl 


Cable CIS te OT oR FIC] 


For a long time it was believed that all of these substitution reactions could 
occur only in the case of aromatic compounds. Later on, however, corres- 
ponding substitution reactions were also observed occasionally in the case 
of unsaturated compounds. Whether, however, the path by which substitu- 
tion occurs is, or is not, the same for aromatic and unsaturated compounds 
cannot yet, as will be explained in detail later on (Chapter X, pp. 750, 760, etc.), 
be decided with certainty in all cases. For the time being, therefore, no 
definite conclusions can be drawn as to any behavior analogous in principle 
for the two classes of compounds. 


(b) Addition Reactions 


On the other hand, such an analogy does without doubt exist in the case 
of a number of addition reactions. At the same time, however, a considerable 
difference can very frequently be determined in the velocity of reaction: 
Whenever additions can be carried out in the case of benzene, they usuallv 
take place incomparably more slowly than in the case of the unsaturated 
compounds. Up to the present time it has been possible to carry out on 
benzene the following addition reactions. 

Chlorine and bromine are added in the presence of direct sunlight, especi- 
ally rapidly in the (complete) absence of oxygen; the products formed are 
the hexa-halogen derivatives of cyclohexane. FARADAY, the discoverer of 
benzene, already recognized this reaction as one characteristic of benzene: 
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The possibilities for various stereo-isomers here should be noted. 
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The addition of ozone was already discussed above on p. 524. 
Nascent hydrogen does not attack benzene any more than it attacks 
isolated double bond. Catalytically excited hydrogen adds on to form cycl 
hexane, but of course only by the use of especially effective catalysts, an 

considerably more slowly than it adds on to ordinary double bonds. 
the other hand, benzene can be hydrogenated by means of sodium met 
in liquid ammonia solution to yield 1,4-dihydrobenzene }. 

The majority of addition reactions discussed lead from benzene to deriva: 
tives of cyclohexane, and no intermediate products can be isolated. Since 
however the reaction of four molecules such as CgH, + 3Hg, or CgH, + 3Cl 
all at once is exceedingly improbable, one may assume that intermediat 
products such as di- and tetra-hydrobenzene, or their derivatives, do probabl 
occur, but that these then undergo further addition reactions much mor 
rapidly than does benzene itself. 

Only one mole of diazoacetic ester is added on; the product formed is 
derivative of 1,2-dihydrobenzene 1’: 








H {= H ‘, 
ae~ ZZ 
HC CH HC CH——_N._ 
| | -+N,CH—COOC,H, —> | N 
HC CH HC CH—CH~ 
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Nor-caradiene-carboxylic acid ester. 






The addition of diazoacetic ester to unsaturated compounds proceeds in 
a completely analogous manner (See p. 581). 


(2v) ENERGY RELATIONS IN THE STEPWISE HYDROGENATION OF BENZENE 


Nascent hydrogen can add on stepwise to a larger number (series) of 
benzene derivatives, and especially easily to the dicarboxylic acids (Cf. p. 631). 


6 J. F. Wipaur and F, A. Haak, Rec. Trav. Chim., 6 
This Vol., p. 634. . Chim., 67 (1948) 85. Compare also 


” E, BucHNER and Tu. Curtius, Ber., 18 (188 ; 
(1896) 106. : (1885) 2377; also BucHNER, Ber., 29 
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The chemical properties of the resulting di- and tetra-hydrobenzene deriva- 
tives are characteristically different from those of the aromatic parent 
substances. This is shown especially clearly by the comparison, as carried 
through by von BAEYER }%, of the phthalic acids with the di- and the tetra- 
hydrophthalic acids, which are easily obtained by the action of sodium 
amalgam on phthalic and terephthalic acids. Especially striking in this 
connection is the lability of the derivatives of hydrobenzene, which exhibit 
a strong tendency to give off hydrogen, and to be converted back to benzene 
derivatives. They are therefore reducing agents; thus dihydroterephthalic 
acid will reduce an ammoniacal silver solution. In contrast to this is the 
extraordinarily low reactivity of compounds with the aromatic ring intact. 
Von BaeYER therefore felt that it was not permissible to assume one and 
the same state of bonding in the aromatic and the unsaturated compounds. 

Completely corresponding to the chemical differences of the aromatic 
(and unsaturated compounds) and their hydro derivatives are the energy 
differences as based on the thermodynamic measurements of STOHMANN }9, 
which were later verified by Roto ®. The heats of hydrogenation for the 
separate steps are indeed, as Rotu found, not quite the same for all benzene 
derivatives, but in all cases the transition from the aromatic state into that 
of the dihydro-products differs from that of the series as a whole. In the 
case of dihydrobenzene and its derivatives there are two isomers with 
different positions of the double bonds, the A, ,-dihydrobenzene with two 
isolated double bonds, and the A,,-dihydrobenzene with two conjugated 
double bonds: 


i. H 
a as 
HC CH HC CH 
bas ~f | 
HC CH HC Cie 
SE Ce 
H, H, 
1,4-Dihydrobenzene, 1,2-Dihydrobenzene, 
Cyclohexadiene-1I,4, Cyclohexadiene-1,3, 
Ai,4-Dihydrobenzene, Ai,3-Cyclohexadiene, 
or Aj,4-Cyclohexadiene. or A1,3-Dihydrobenzene. 
B.Pt.-79°; d?? 0.8404, M.Pt.-49.2°; B.Pt. 88.8°, d?? 0.8573; 
n?° 1.4744; Mp 26.80 (calcd. 26.77). n*8 1.4725; Mp 26.19 (calcd. 26.77). 


18 Ay, BAEYER and J. HERB, Amn., 258 (1890) 1; A. v. BAEYER and H. ASTIE, 
Ann., 258 (1890) 145, 187; A. Vv. BAEYER, Ann., 269 (1892) 145. 

19 fF, STOHMANN, J. prakt. Chem. [2], 43 (1891) 13, 538; 45 (1892) 475; 48 (1893) 447. 

2 W.A. Rotu, Ann., 407 (1915) 145. 
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In accordance with analogies to other unsaturated compounds (p. 657) it 
may be assumed with certainty that the A, «-dihydrobenzene is the 
compound with greater potential energy. Pure A, , dihydrobenzene has 
been prepared only very recently, and indeed even the A, s-dihydrobenzene 
is so readily subject to change that it has not yet been possible to obtain 
exact data for its heat of combustion. Certain accurate values can, however, 
be calculated from the heats of hydrogenation to cyclohexane, as measured 
directly by KisTiAkowsky *1. 


CeH, + 3He = CoHie + 49.8 Cal. (21b), 
Ax,3-CgH, + 2H, = CyHi, + 56.4 Cal. (21b), 


whence it follows that, 


C,H, sa Hy 
Ax,3-C,H, + H, 


Ax,3-C,H, = 5.0 Cal 
C,H,» + 26.8 Cal 


II Il 


The first step of the hydrogenation is then endothermic. This abnormal 
behavior in the first step of the hydrogenation is the reason that the heat 
of hydrogenation of benzene to cyclohexane is much smaller than the heat 
of hydrogenation of three (simple isolated) double bonds. The heat of 
hydrogenation of cyclohexadiene corresponds to the heats of hydrogenation 
of correspondingly constructed aliphatic dienes with conjugated double 
bonds, while that of cyclohexene corresponds to that of cis-butene-2. For 
the hydrogenation of benzene to A; ,-dihydrobenzene the heat of hydrogen- 
ation must then be still more strongly endothermic than for A; ,-cyclo- 
hexadiene. 

The elimination of the aromatic system therefore requires the use of an 
especially large energy. This necessary energy is so great that it, together 
with the energy of the fission of the hydrogen molecule, almost completely 
compensates for the energy liberated by the creation of two new C-H-bonds. 
(For a more detailed discussion on the fundamental considerations here 
used in the analysis, and apportionment of the heats of reaction, see Chap- 
ter XI). In order to give expression to the especially strong affinity of the 
six carbon atoms in the benzene ring, BAEYER 2 reverted back to a benzene 
formula discussed somewhat earlier by ARMSTRONG 23, but originally set 


21 G. B, KistiAkowsky, J. R. Runorr, H. A. Smitu, and W. E., VAUGHAN, J. Am. 
Chem, Soc., 58 (1936) 137, 146. The values as calculated from the heats of combustion 
differ, with the exception of the heat of hydrogenation of benzene to cyclohexane, 
more or less from those given here. The reason for this is probably to be sought for 
chiefly in the impurities of the preparations used for the combustion. Compare W. A. 
Rot, Z. Elektrochem., 45 (1939) 341. 

22 A. VON BAEYER, Ann., 245 (1888) 121; 251 (1889) 28 


5. 
*° H. E. Armstrona, J. Chem. Soc., 51 (1887) 264. 


a 
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up by LoTHaR MEYER *4 in 1865, a fact that was not known to ARMSTRONG. 
In this formula the fourth valences of the ring carbon atoms are written 
as directed toward the center of the ring, and the formula is therefore known 
as the centric formula for benzene: 


gl Pan 
| as 
S | . + Pe. 
ae ~ 
tpl oh 
Ce rs 
Notation of ARMSTRONG and BAEYER. Notation of LotHar MEYER. 


Nothing is indicated by these formulas as to the nature of the saturation- 
neutralization of these six centric valences. This fact is in contrast to the 
situation that holds for the similar CLAus formula, which, by its nature, 
demands sfeczal relationships between the carbon atoms in the fpara- 
positions. Accordingly then, the aromatic bond must be considered as a 
special form of bonding alongside of the other types of bonds. 


(v) STEP BY STEP HYDROGENATION OF NAPHTHALENE 


Thermochemical measurements on the stepwise hydrogenation of the 
aromatic system present in naphthalene lead to results corresponding to 
those found with benzene. This hydrogenation can be carried out even in the 
case of the parent hydrocarbon, and, in contrast to the case of benzene, 
even by means of “nascent hydrogen’, as BAMBERGER ”° found. 

The course of such a hydrogenation is the same as in a conjugated system. 
If we use the ERLENMEYER formula for naphthalene, then the taking up of 
electrons, takes place, followed, in the absence of a proton-furnishing solvent, 
by the addition of sodium in the 1,4-positions on the conjugated double 
bonds of one of the rings. By the taking up of protons, or by the alcoholysis, 
A,-dihydro-naphthalene is formed. This is then transformed, either by 
heating with sodium alcoholate **, or also by means of sodium amide in 
liquid ammonia, into A,-dihydronaphthalene. If we allow sodium to act 
upon the latter, it takes up electrons, though more slowly than naphthalene 
itself, in the 1,2-position, whereupon proton-addition follows, leading to the 
formation of 1,2,3,4-tetrahydronaphthalene, or tetralin, the only as yet 
known tetrahydro-derivative of naphthalene. The course of the reaction is as 
follows 27: 

2 1. Meyer, Die modernen Theorien der Chemie (Modern Theories of Chemistry) 
2nd edition, 1872, p. 183; 5th edition, p. 288; compare also A. v. BAEYER, Ann., 246 
(1888) 382. 

25 E. BAMBERGER, Ann., 257 (1890) I. 


26 F. Srraus and L. LemMMEL, Ber., 46 (1913) 232, 1051; 54 (1921) 25. 
27 W. HicKeL and H. BRETSCHNEIDER, Ann., 540 (1939) 162 etc. 
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Tetralin = 1,2,3,4-Tetrahydronaphthalene. 
A,- and A,- refer only to the non-benzenoid portion of the molecule. 


The newly formed 1,2,3,4-tetrahydronaphthalene still contains the 
benzene ring which, as in all benzene hydrocarbons, is resistant to further 
attack by the same reducing agent. Hence, up to the present time, no 
hexahydronaphthalene is known. The further hydrogenation of tetra- 
hydronaphthalene is possible only by the use of catalytic methods, and 
leads directly, without the possibility of isolating any intermediate products, 
to decahydronaphthalene (decalin); with various relative amounts of the 
cis- and trans-forms of the decalins being formed, depending on the experi- 
mental conditions (p. 98). Starting from the decalin derivatives it is possible 
to obtain, by dehydrogenation, various, structurally as well as stereometric- 
ally isomeric octahydronaphthalenes (octalins); but the further step to 
pure hexahydronaphthalenes bas not yet been made (See p. 651). 

Hence, although two aromatic ring nuclei are present in naphthalene, 
the change that occurs when the aromatic system is eliminated by addition 
of one mole of hydrogen has as yet been determined at only one point, 
though in this case with considerably greater exactness than in the case of 
benzene, since both of the two dihydronaphthalenes can be prepared in an 
absolutely pure state. On the basis of the heats of combustion as measured 
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Ag-C 19H yp =A y-CypHy9 + 4.9 Cal., heat of rearrangement H—C C tH 
A,-Dihydronaphthalene *8 aU l das 
SOL NEA ein 
Heat of rearrangement as calculated from heat of hy- | ras 
drogenation *8, A,-liquid —> A,-liquid + 3.0 Cal. H | A 
H H 
Ay-Cy 9H +H, = CroHie a 24.2 Cat | \/ 
1,2,3,4-Lletrahydronaphthalene or Tetralin Chia! 


Direct measurement of the heat of hydrogenation, 24.6 
Cal.; from A,-C, 9H (liquid), 27.6 ”8. ie I C<H 
2 


Ci9H,, + Hy = Cy .Hyy, an as yet unknown | vs 
hexahydronaphthalene u | H, 
Hy H, 


Ci 9H: “+ 2H, or Cio, = is = Cigtis - 24.3 Cal: 29. 
tvans-A,-Octahydronaphthalene, or Octalin. H—C 


trans-Decahydronaphthalene, or Decalin. 


28 R. B. Wiiuiams, J. Am. Chem. Soc., 64 (1942) 1400. 

29 Ann., 474 (1929) 126. The heats of combustion of various octalins (A,,,)- and A, ,9) 
are not very different from one another. According to more recent measurements 
(Ann., 502 (1933) 141) they seem to be somewhat higher than 1450 Cal. Using the value 
1453 Cal., the value for the reaction C,)Hy2-+2H, is calculated to be 21.3 Cal.; forthe 
reaction C,)H,, +H, 25.2 Cal. These values seem to deserve more faith and acceptance 
than the values calculated on the basis of the heat of combustion of trans-octalin, which 
is probably in error due to an impurity resulting from a slight auto-oxidation of this 
substance. In this case, A,5- and A, ,- refer to the naphthalene system as a whole. 
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by Rotu * the following values have been calculated for the heats of hydro- 
genation (See p. 657): #4 

The heat of hydrogenation of the first step is abnormally small, but not 
endothermic as it was in the case of benzene. For the unmeasured step, 
tetrahydronaphthalene —> hexahydronaphthalene, the experimental data 
do at least permit us to calculate that the heat of hydrogenation must be 
very small, possibly even slightly negative,—for the heat of hydrogenation 
of tetra- to octahydronaphthalene scarcely differs from the heat liberated 
during the hydrogenation of octahydronaphthalene to decahydronaphthalene. 

A few brief remarks are still necessary as to the difference in the energy 
between the two isomers A,- and A,- dihydronaphthalene. The A,- isomer, 
which contains the double bond in a position conjugated with respect to 
the benzene ring, is the one with the lower energy-content ;—the benzene 
ring therefore acts upon a double bond in the same manner as does a second 
double bond. This is shown also in other cases, as in the correspondingly 
constructed isomers, allylbenzene and propenylbenzene, 


CH CH 
7 os with a higher energy J Pari 
RC | Th content than \ | | 
CH, CH, 
Allyl benzene Propenyl benzene 


in which also the conditions for the rearrangement are the same as in the 
case of the dihydronaphthalenes. 

In the case of the stepwise course of the hydrogenation of naphthalene 
as discussed and presented above, first the one and then later the other 
ring is attacked; in the case of the naphthalene derivatives also we find 
a corresponding course of reaction. This gave grounds for discussing some 
unsymmetric formulas for naphthalene as well as for some of its derivatives. 
In these one wished to give expression to the fact that one of the two 
nuclei was attacked in such a manner as is known for a system with an 
open chain, while the other ring is resistant to attack as in the case of 

0 W. A. Rots, Ann., 407 (1915) 172. 

*! The calculations of the heats of hydrogenation are based on the following experi- 


mental data: the heats of combustion for liquid substances at constant volume 
as measured in Cals. (kilocals.) : 


CyoHs, 1239.5 Cal. 32 trans-Ay-C, Hy, 1450 Cal, 34a 
A,-CyoHyp 1296.4 Cal. 2 trans-C, 9H, 1497.1 Cal, 34b 
As-CyoHy9 1301.1 Cal, 32 Hy 67.4 Cal. 


CioHy, 1339.5 Cal. 32 
#2 W. A. Rotu, Ann., 407 (1915) 158. 
*8 R. B. Wittiams, J. Am. Chem. Soc., 64 (1942) 1400. 
34a See p. 657, footnote 20, 
84D See This Text, p. 99, footnote. 
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benzene. For this reason naphthalene was written with one aromatic and 
one doubly unsaturated ring: 
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Support for this formula seemed to be given by the action of ozone on 
naphthalene, leading at first to a di-ozonide; this is then split with formation 
of ortho-phthalic aldehyde **; 


O, H 
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Such an unsymmetric formula for naphthalene, however, is beyond any 
doubt in disagreement with the number of derivatives of naphthalene. - 

In the ozonization of 2,3-dimethylnaphthalene, unlike the case of naphtha- 
lene itself, both rings are attacked. In any event, it is impossible to isolate 
any intermediate products with an intact benzene ring, and glyoxal, methyl- 
glyoxal, and dimethylglyoxal, chiefly indeed the last of these **, are obtained 
side by side. Dimethylnaphthalene has, therefore, reacted in accordance 
both with a symmetrical as well as with an unsymmetrical structure-formula- 
distribution of the double bonds in the two rings. 

But beyond this, we are by no means justified, on the basis of the 
fact that a reagent, such as nascent hydrogen or ozone, attacks the 
naphthalene molecule unsymmetrically,—in concluding that the naphthalene 
molecule itself is therefore of unsymmetric construction. For the presup- 
position for such a method of drawing conclusions would be that every pertur- 
bation or excitation that leads to a reaction must, in the case of symmetrically 
constructed molecules, also occur symmetrically. For as soon as theexcitation 
is unsymmetrical, an unsymmetrically constructed reaction product is 
possible. 


85 C. Harries and V. WEIss, Anmn., 343 (1905) 336. Ozonization of quinoline yields a 
stable diozonide on the benzene ring; ozonization of isoquinoline attacks both rings 
equally rapidly; A. F. LinpensMiTH and C. A. VAN DER WerRF, J. Am. Chem. Soc., 71 
(1949) 3020. ' 

36 J. P. Wreaut and J. van Dijk, Rec. Trav. Chim., 65 (1946) 413. For a review 
covering dimethylnaphthalene, furan, etc. see J. P. Wrsaut, Bull. Soc. Chim. France, 
(1950) 996; also J. P. WrBAvuT and L. W. F. Kampscumipt, Proc. Koninkl. Nederl. 


Akad. Wetenschap. Amsterdam, 53 (1950) 1109. 
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by Rotx * the following values have been calculated for the heats of hydro- 
genation (See p. 657): #1 

The heat of hydrogenation of the first step is abnormally small, but not 
endothermic as it was in the case of benzene. For the unmeasured step, 
tetrahydronaphthalene —> hexahydronaphthalene, the experimental data 
do at least permit us to calculate that the heat of hydrogenation must be 
very small, possibly even slightly negative,—for the heat of hydrogenation 
of tetra- to octahydronaphthalene scarcely differs from the heat liberated 
during the hydrogenation of octahydronaphthalene to decahydronaphthalene. 

A few brief remarks are still necessary as to the difference in the energy 
between the two isomers A,- and A,- dihydronaphthalene. The A,- isomer, 
which contains the double bond in a position conjugated with respect to 
the benzene ring, is the one with the lower energy-content ;—the benzene 
ring therefore acts upon a double bond in the same manner as does a second 
double bond. This is shown also in other cases, as in the correspondingly 
constructed isomers, allylbenzene and propenylbenzene, 
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Allyl benzene Propenyl benzene 


in which also the conditions for the rearrangement are the same as in the 
case of the dihydronaphthalenes. 

In the case of the stepwise course of the hydrogenation of naphthalene 
as discussed and presented above, first the one and then later the other 
ring is attacked; in the case of the naphthalene derivatives also we find 
a corresponding course of reaction. This gave grounds for discussing some 
unsymmetric formulas for naphthalene as well as for some of its derivatives. 
In these one wished to give expression to the fact that one of the two 
nuclei was attacked in such a manner as is known for a system with an 
open chain, while the other ring is resistant to attack as in the case of 

30 W. A. Rotu, Amn., 407 (1915) 172. 

8 The calculations of the heats of hydrogenation are based on the following experi- 


mental data: the heats of combustion for liquid substances at constant volume 
as measured in Cals. (kilocals.) : 


Cio9Hs, 1239.5 Cal. 32 tvans-A,-C,)Hy, 1450 Cal, 34a 
A,-CyoH,y 1296.4 Cal. 3? trans-C, Hy, 1497.1 Cal, 34> 
A,-C,.H,5 1301.1 Cal. 34 Hi; 67.4 Cal. 


Gieltlas 1339,5 Cal3* 
32 W. A. Rotu, Ann., 407 (1915) 158. 
°° R. B. Wittiams, J. Am. Chem. Soc., 64 (1942) 1400. 
34a See p. 657, footnote 20. 
s4b See This Text, p. 99, footnote. 
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benzene. For this reason naphthalene was written with one aromatic and 
one doubly unsaturated ring: 
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Support for this formula seemed to be given by the action of ozone on 
naphthalene, leading at first to a di-ozonide; this is then split with formation 
of ortho-phthalic aldehyde *°; 


0G Cre 


Such an unsymmetric formula for naphthalene, however, is beyond any 
doubt in disagreement with the number of derivatives of naphthalene. - 

In the ozonization of 2,3-dimethylnaphthalene, unlike the case of naphtha- 
lene itself, both rings are attacked. In any event, it is impossible to isolate 
any intermediate products with an intact benzene ring, and glyoxal, methyl- 
glyoxal, and dimethylglyoxal, chiefly indeed the last of these 6, are obtained 
side by side. Dimethylnaphthalene has, therefore, reacted in accordance 
both with a symmetrical as well as with an unsymmetrical structure-formula- 
distribution of the double bonds in the two rings. 

But beyond this, we are by no means justified, on the basis of the 
fact that a reagent, such as nascent hydrogen or ozone, attacks the 
naphthalene molecule unsymmetrically,—in concluding that the naphthalene 
molecule itself is therefore of unsymmetric construction. For the presup- 
position for such a method of drawing conclusions would be that every pertur- 
bation or excitation that leads to a reaction must, in the case of symmetrically 
constructed molecules, also occur symmetrically. For as soon as theexcitation 
is unsymmetrical, an unsymmetrically constructed reaction product is 
possible. 


35 C. Harries and V. WEIsS, Ann., 343 (1905) 336. Ozonization of quinoline yields a 
stable diozonide on the benzene ring; ozonization of isoquinoline attacks both rings 
equally rapidly; A. F. LinpensmitH and C. A. VAN DER WERF, J. Am. Chem. Soc., 71 
(1949) 3020. . 

86 J. P. Wieaut and J. van Dijk, Rec. Trav. Chim., 65 (1946) 413. For a review 
covering dimethylnaphthalene, furan, etc. see J. P. W1paut, Bull. Soc. Chim. France, 
(1950) 996; also J. P. Wi1BauT and L. W. F. KampscumiptT, Proc. Koninkl. Nederl. 


Akad. Wetenschap. Amsterdam, 53 (1950) 1109. 
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The following schematic formulas may serve as examples: 


H yi 
Co eo 
Symmetrical attack of Unsymmetrical attack of 
the hydrogen atom the hydrogen atom. 


Experiments then later on also demonstrated with certainty the untena- 
bility of the assumption of an unsymmetric reaction formula for napthalene, 
as well as for several of the derivatives of naphthalene. As WILLSTATTER *? 
found, the manner in which the catalytically excited hydrogen adds on 
to naphthalene depends on the nature of the catalyst. In catalytic hydrogen- 
ation naphthalene can be attacked symmetrically as well as unsymmetric- 
ally. Thus to be specific; (1) low-oxygen platinum-Mour slowly yields 
tetralin; (2) oxygen-containing platinum-Mour fairly rapidly yields cvs- 
decalin, without the formation, in detectable amounts, of tetralin as an 
intermediate product. Hence A,- and A,-dihydronaphthalene are likewise 
excluded as intermediate products in the second case, because their hydro- 
genation would at first very rapidly yield tetralin, and only more slowly 
lead further on to decalin. (3) High-oxygen-content platinum-Mour 
rapidly yields tetralin. 

When nickel catalysts are used for the catalytic hydrogenation, the 
tetrahydro stage is always reached rapidly; further hydrogenation to 
decalin usually proceeds considerably more slowly °°. 

Just as little as in the case of naphthalene itself are we justified, merely 
on the basis of the hydrogenation of the naphthalene derivatives, in deciding 
upon any definite formula that exhibits non-symmetry in the structure of 
the two nuclei. For which of the two ring nuclei is attacked the more rapidly 
will depend on the experimental conditions. Formerly it was believed that 
since «-naphthol and «-naphthylamine yield respectively ar-«-tetralol and 
ar-a-tetrahydronaphthylamine when treated with nascent hydrogen, they 
must be assigned a structure in which the hydroxyl and the amino groups 
are attached to the aromatic ring. On the other hand, ¢-naphthol and $-naph- 
thylamine were assumed to have their respective substituents attached to 
the unsaturated ring, since they both yield alicyclic hydroderivatives by the 
same reaction method. 


37 R. WILLSTATTER and D. Hatt, Ber., 45 (1912) 1471; R. WILLSTATTER and V. L. 
KING, Ber., 46 (1913) 527; R. WILLSTATTER and F. SEITZ, Ber., 56 (1923) 1388. 
88 Compare also P. SABATIER and J. B. SENDERENS, Compt. Rend., 132 (I901) 1257; 


H. LEROoUX, Compt. Rend., 139 (1904) 762; Ann. Chim. Phys. [8], 21 (1910) 458; 
G, SCHROETER, Ann., 426 (1922) 1. 
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In the catalytic hydrogenation of these substances it depends very 
strongly on the nature of the catalyst which of the two nuclei will be attacked 
the more rapidly, the substituted or the unsubstituted. Thus, for example, 
with certain nickel catalysts $-naphthol yields almost exclusively ac-$- 
tetralol, while on the other hand with other nickel catalysts, and in the 
hydrogenation with colloidal platinum, the product is almost exclusively 
pure ar-$-tetralol %9. 

Since the excitation-perturbation of the symmetry of naphthalene takes 
place differently in each case depending on the nature of the attacking 
reagents, it cannot be represented in any single formula, and hence, both 
for naphthalene, as well as for its derivatives, there only remains possible one 
formula symmetrical with respect to both rings. The ERLENMEYER formula, 
which satisfies this requirement, does not however enable us to show the 
fine points in the differences of behavior of benzene and of naphthalene. By 
applying BAEYER’s centric formula for benzene to naphthalene, BAMBERGER 
was able to introduce these differences into the picture. In his formula, 


Hy 
¥ 
Phe ete rt te S shee 
we | PK | >. me | a, CH, 
jaar ion ee | er | 
meen bec ar a a hie. 
AN 
Hy, 
Naphthalene Tetralin 


the two six-membered rings are constructed similarly to the six-membered 
ring in benzene, but not exactly so, for in the naphthalene there is no ring- 
formation bond between the carbon atoms g and Io. In this respect then, 
this formula is the same as, or equivalent to, the CLAus formula for benzene 
(See p. 644) when applied to naphthalene. These formulas give expression 
only to the fact that there are differences in the chemical behavior between 
naphthalene and benzene, and that these differences disappear when naph- 
thalene is converted by hydrogenation to dihydronaphthalene and tetralin. 
They do not, however, enable us to predict in which manner naphthalene 
will be able to react differently than does benzene. 


39 W. HUcKEL, Amn., 451 (1926) 109. 
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In the case of phenanthrene, and still more so in the case of anthracene, 
the differences in chemical behavior as compared with benzene become more 
striking than in the case of naphthalene. First of all, anthracene is charac- 
terized by a special peculiar reactivity of the hydrogens, or other substituents, 
on the g,10- or meso-carbon atoms. In particular, addition reactions take 
place very easily at these points, thereby depriving the middle ring of its 
aromatic nature, while the two outer-rings still retain theirs. Thus, for 
example, the actionof sodium and alcohol, as wellas the catalytic hydrogen- 
ation, very readily yield dihydro-anthracene, which, according to the proof 
of constitution carried out by SCHROETER ®, is probably 9,10 (= meso)- 
dihydro-anthracene. The catalytic hydrogenation with nickel proceeds very 
rapidly, and while it is.nevertheless somewhat slower than the first stage, 
the absorption of hydrogen goes further, up to the formation of 1,2,3,4- 
tetrahydro-anthracene, the constitution of which has been established with 
certainty by synthesis 44. From this, by further, though slower, addition 
of hydrogen, is formed octahydro-anthracene, in which both the two outer 
six-membered rings are hydrogenated, while the middle ring is still a true 
aromatic benzene ring, which offers considerable resistance to further addition 


40 G, SCHROETER, Ber., 57 (1924) 2003). The proof of the constitution is based on 
the conversion of #$-anthramine, 


which differs in its chemical behavior from the other aromatic amines (according to 
K. Fries, R. WALTER and K. Scuitiinc, Amn., 516 (1935) 232, this difference is not 
so very great), into dihydro-8-anthramine, which is a true aromatic amine that can be 
diazotized and then reduced to the hydrocarbon, forming the already known compound 
dihydro-anthracene. On the basis of its chemical behavior, SCHROETER considers the 
structure of this dihydro-$-anthramine as definitely proved to be that of 9,10-dihydro- 
6-anthramine. 

*. G. SCHROETER, loc. cit., footnote 40, p. 2015. Ar-2-y-tetralyl or y-(Ar-2-tetralyl)- 
butyric acid chloride 
—>» Octhracenone —> Octhracene 
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Alongside of this reaction, ring closure in the «-position also takes place, leading 


eee 
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of hydrogen leading to perhydro-anthracene. The hydrogenation then pro- 
ceeds, when we hold to the experimental conditions used by SCHROETER, 
in the following steps: 


Hy, 
CH, ~~ 
‘spoon GS Chem OO Gs 
CH 
10 CHy corte: 
Hy 
H, H, H, H, H, 
ae ex FEL EN. 
H,C CH, H.Ge CH .CH’ .CH. 
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HC CH, 4 GH as Oi. CH. 
be ce 0-7 SE SCH 
H, H, i H, H, 


The six-membered rings with an aromatic state of bonding are here 
tepresented by means of a simple hexagon. 

The formation of tetrahydro-anthracene probably does not follow directly 
from the 9,10-dihydro-anthracene, which would require an attack on an 
intact benzene ring, but rather via some other dihydro-anthracene, which 
is formed from the 9,10-dihydro-anthracene, again via anthracene, according 
to the following scheme *: 


+ 2H 
Anthracene —___—_ 9, 10-Dihydro-anthracene 
t very rapidly 
— 2H 
+ 2H — 2H 
more slowly 
{ + 2H 


Some Unsymmetrical ——————>_1,2,3,4-Tetrahydro-anthracene. 
Dihydro-anthracene rapidly 


to octanthrenone, which can then be reduced to octanthrene, or 


O 
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Octahydrophenanthraquinone. Octahydrophenanthrene, 
42 K, Fries and K. ScuILxine, Ber., 65 (1932) 1494. 


664 AROMATIC COMPOUNDS IX 


From the results of these experiments it follows that even dihydro- 
anthracene as well still has a certain lability in the state of bonding; these 
experimental results do not, however, permit us to draw conclusions as to 
any definite structural formula for anthracene. 

For a long time the GRAEBE formula, with the para-bond between the 
g,10-carbon atoms, was in use for anthracene. Occasionally the formation of 
anthracene from benzene, tetrabromo-ethane and aluminium chloride has 
been considered as a proof for this para-type of bonding *. 

CH 


alt ees CH 
Oe Glos 
4. ae —>- | + 4HBr. 
Br | Br 
ee CH 

To consider this mode of formation as a proof for the existence of a para- 
bond is however just as impermissible as to draw any conclusions as to the 
finer constitution of benzene on the basis of any of its modes of formation ™. 
If we presuppose a special lability of the para-bond in this formula, we can 
readily and conveniently visualize the mechanism of the 9,10-addition 
reactions. How little, however, such a picture, which is suitable and adapted 
to aid in visualizing the courses of the reactions, need correspond with 
reality, has been emphasized already often enough, and the above-mentioned 
transition from the 9,10-dihydro- into the 1,2,3,4-tetrahydro-anthracene is 
just another example thereof. 

In the case of phenanthrene the course of the stepwise hydrogenation 
is similar to that in anthracene **. The hydrogenation with sodium and 
alcohol proceeds less easily; thus sodium and amyl alcohol give 9,10-dihy- 
drophenanthrene ** and 1,2,3,4-tetrahydrophenanthrene 47: 


CH,—CH, 
re a Hcd S: 
CH, 
CH,—CH, 


while octahydrophenanthrene 48, 


48 R. AnscHUTz and F, ELtzBacuer, Ber., 16 (1883) 623. 

‘4 The value of the molecular refraction very definitely and beyond any doubt 
speaks against a para-bonding in anthracene: K. v. AUWERS, Ber., 53 (1920) 941. The 
same is true for acridine: K. v. Auwers and R. KRAUL, Ber., 58 (1928) 543. 

*° G. SCHROETER, Ber., 57 (1924) 2025; 62 (1929) 645. 

4° Proof of the constitution,— 


<><) + 2Na— 9,10-Dihydrophenanthrene. 
| 


CH,Br BrCH, 
*” For the proof of the constitution see G. SCHROETER, Ber., 62 (1929) 653 etc. 


** For the proof of the constitution, see G. SCHROETER Ber 192 
, : ; és 2025; 
also p. 662, footnote 41, pa 2. an 
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is not formed at all under these conditions. 

When hydrogenation is performed carefully using nickel as a catalyst 
g,10-dihydrophenanthrene is formed: further absorption-addition of ieee 
gen leads to 1,2,3,4-tetrahydro-, and finally to 1,2,3,4,5,6,7,8-octahydro- 
phenanthrene. Hence here too the second step of the hydrogenation involves 
a shift in the position of the two hydrogen atoms first added. 

The energy relations in the hydrogenation of anthracene, as well as in 
that of phenanthrene, are as yet unknown. It is only known that the heat 
of combustion of anthracene is considerably, about ro Cal., greater than 
is that of phenanthrene 29, 

It is well worth noting that not only the attack of hydrogen, but also the 
attack of other reagents, takes place in the positions 9,10, for both anthracene 
as well as phenanthrene. Thus anthracene is oxidized to anthraquinone, 
phenanthrene to phenanthraquinone: 


O 
| 
CrO, 
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Phenanthraquinone 


(vit) BONDING STATE IN THE AROMATIC COMPOUNDS 


—— 


As a result of numerous chemical and physical investigations on the 
aromatic compounds, it follows that they contain a state of bonding which 
produces conditions of especially low energy-content. Corresponding to this 
is the great stability of the aromatic nucleus in respect to chemical trans- 


49 K. Frres, R. WALTER and K. ScHILLING, Ann., 516 (1935) 262, find a differ- 
ence of 7 Cal. when they take account of the differences in the heats of fusion. For 
further information on the heats of combustion of anthracene and phenanthrene, see 
also: M. MILonE and P. RossiGNout, Gazz. Chim. Ital., 62 (1932) 644; J. W. RICHARD: 
son and G. S. Parks, J. Am. Chem. Soc., 61 (1939) 3545. The energy-difference here 
is roughly 10 Cal. per mole; or on taking into account the heats of fusion, about 13 Cal. 
The heat of combustion of anthracene is given as 1682.36 Cal. per mole, by G. S. PARKS 
_ and coworkers, J. Am. Chem, Soc., 68 (1946) 2524. 
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formation. The types of excitation-perturbation that change the bonding 
state occur with greatest difficulty in the case of benzene, more easily with 
naphthalene, and still more easily in the case of anthracene and phenan- 
threne. Furthermore, substituents not only affect the energy-content of the 
aromatic system *°, but also the stability of the state of bonding. In the 
case of reactions that change the state of the nucleus, analogies to the 
unsaturated compounds are prominent. It is not possible, either from the 
chemical modes of formation, nor from transformation-reactions, to learn 
anything as to the state of bonding in benzene and the other aromatic 
compounds, a fact already admitted with a certain resignation by von 
BAEYER *! at the conclusion of his rather comprehensive investigations. 
In establishing formulas for benzene, naphthalene, and the other aromatic 
hydrocarbons, the problem is, as soon as we are not satisfied simply with 
the original hexagon of KEKULE, whether the fourth valences of the ring 
carbon atoms should be accounted for in such a way as to give expression 
and emphasis to the special bonding state of the completed compounds, or 
to their reaction-possibilities. The KEKULE formula, with the alternating 
single and double bonds, does the latter, and it has thereby given to chemical 
research the impetus to seek for analogies in the behavior of the unsaturated 
and the aromatic compounds. Similar inspiration was not given by a formula 
which is only an expression for a special, completed state of bonding, such 
as the centric, or the, in this respect equivalent, CLAus formula. For these 
formulas cannot, unless we specially inject such significance into them, by 
themselves predict anything as to the ease with which a perturbation-shift 
is possible, nor the direction in which any changes can take place. As a 
matter of fact, BAEYER tov must finally explain the ARMSTRONG centric 
formula by saying that the valences directed toward the center are meant 
to indicate an especially firm holding-together of the ring. BAMBERGER, 
in connection with a discussion of the centric symbols, has already expressed 
himself in all clarity ** as to the usefulness and productivity of a formalized 
symbolic expression. From his remarks and discussion in this connection 
we may quote the following sentences: “Certain things, as for example the 
stability relationships, cannot be represented by our formulas such as they 
now are, for these things lie outside the scope of the significance of our 
symbols... In my opinion the value, i.e. the usefulness, of the centric 
symbols rests on the axiom: A centric system can exist only as a hexacentric 
system. Only with the help of such an axiom do the centric formulas possess 
any value in explaining the addition-processes in the cyclic systems.... 


5° W. A. Rot and K. v. AuwErs, Ann., 407 ( 
51 A, VON BAEYER, Ann., 269 (1892) 178. 
5° E, BAMBERGER, Amn., 273 (1893) 373. 


1914) 149; compare also p. 653. 
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v 
The concept of centric valence is based on no clear physical conceptions’’. 
When considering the KEKuLE formula one may, nevertheless, be tempted 
to seek a relation between the stability of benzene and its special constitu- 
tional peculiarities, namely with the alternation of the simple and the 
double bonds in the ring. Thus, for example, the same, as yet theoretically 
uninterpretable, cause might be held responsible for the low potential 
energy-content of benzene, which in conjugated systems in open chains 
causes a lowering of the energy-content in comparison with systems 
with isolated double bonds; with only this difference, that in the case 
of benzene, as a consequence of the ring-closure of the ends, this effect 
is especially strong. In conjugated systems that have been closed to form 
a ring, all ring-bondings may be written in the same way, i.e. as three- 
electron bonds: 


H 
Hii. Hi C 
CH—CH EGG: CH—CH=CH Hoi crH 
CH—CH a org oe CH—CH=CH 9 Rl CAE ee 51 
H . . H .* C a 
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Cc 
Cyclo-octa-tetra-ene. 
Correspondingly written electron formulas for naphthalene, anthracene, 
and phenanthrene exhibit certain differences relative to the “‘purely arom- 
atic’’ state of bonding in benzene, and these differences can be made respon- 


_ sible for the differences in the chemical behavior of these substances from 


that expected of aromatic compounds. These differences also find expression, 
though in a somewhat different form, in the symbols devised by BAMBERGER 
(Comparison on naphthalene, p. 661). If the electrons are distributed as 
symmetrically as possible, we obtain the following formula-pictures: 


H H H 
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e a Nal 2 

H H H 


Benzene Naphthalene. 
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In these formulas each carbon atom is surrounded by 8 electrons. Benzene 
contains only three-electron bonds between the carbon atoms, but in the 
case of naphthalene the carbon atoms 9 and 10 are linked together by only 
an ordinary two-electron bond. In a similar way anthracene and phenan- 
threne each have two two-electron bonds, between carbon atoms II and 12, 
and between carbon atoms 13 and 14. 
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H H H * “* “* * 
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Anthracene Phenanthrene 


If we remember that the hydrogen atoms are most reactive when attached 
to such carbon atoms as do not themselves bear these two-electron bonds, 
but are themselves linked to the other carbon atoms exclusively by three- 
electron bonds, and at the same time are adjacent to such two-electron-bond- 
linked carbon atoms, i.e. C-atoms I, 4, 5, 8, 9, 10, we have, it is true, not 
an explanation, but at least an easily remembered rule, for the positions 
at which reagents can attack with special ease and velocity. 

The formula for benzene corresponds to a picture-symbol first drawn 
by KAuFMANN °8, then later modified somewhat by Stark *4; and the 
formulas for naphthalene and anthracene are not really new, but were also 
given in a slightly different form by Stark *4. The notation given above 
is found in a paper by Ropinson *, and goes back to a still earlier paper by 
THOMsSON*®, 

These electron-formulas for the aromatic compounds satisfy first of all 
a formal need; in a somewhat other manner THIELE was able to do justice 
to this need by his theory of partial valence. This will be discussed as a 
whole further on below. If these, or other, formulas are to offer more, then 
we must everywhere, not only in the case of the six-membered rings, assume 
that the physical fact represented by the three-electron bond (or in the 
case of THIELE, the symbol corresponding to it) is the cause of aromatic 

°° H. Kaurmann, Die Valenzlehve (Theory of Valence), Stuttgart; Enke 1911, p. 395. 


54 J. Stark, Die Elektrizitat im chemischen Atom. Bd. III der Prinzipien der Atom- 
dynamik. S. Hirzel, Leipzig, 1910. (Electricity in the Chemical Atom, Vol. III of the 
Principles of Atomic Dynamics). 

°° W. O. KerRMack and R. Roprnson, J. Chem. Soc., 121 (1922) 437. 

°° J. J. THomson, Phil. Mag. [6], 27 (1914) 784. 
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character or properties in a ring-closed system. We can, as already mentioned, 
also formulate this same state of bonding for the as yet unknown cyclo- 
butadiene, and for cyclo-octa-tetra-ene. 

The comparison of benzene = cyclohexatriene with cyclo-octa-tetra-ene, 
in which the ends of a conjugated system have likewise undergone ring- 
closure, shows now with complete certainty that there are no relationships 
between this constitutive peculiarity, potential energy content, and chemical 
reactivity. 

Cyclo-octatetra-ene was prepared by WILLSTATTER and WASER°***8 by a 
method completely corresponding to the previously described synthesis 
of cyclohexatriene (p. 647). The starting material for this synthesis was the 
alkaloid pseudo-pelletiérine, which already contained an eight-membered 
carbon ring. This substance was subjected to the following series of reactions: 


Betta SLI) sere CH,—CH--—CH, 
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CH, NCH, C=O —> CH; NCH, CHOH: — 'CH,) NCH, CH 
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Pseudo-pelletiérine N-Methyl-granatoline Methylgranatenine 
(in 2-diastereoisomeric forms) 
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Exhaustive 
methylation with | | methylation | | Br 
eee TOUS GH rte ey I CH CH pitas 
CH,I + Ag,O, | | again | lI 
followed by CH,—CH—CH CH—CH—CH 
distillation 
in vacuo. N(CHs)¢ 
«-des-Dimethylgranatenine Cyclo-octatri-ene 
N(CHsg)2 
Be al ca 2HN(CH,)s ee ety Exhaustive SaPTEW AS 
——_—--> ——_ 
CH, CH CH, CH methylation, CH 
| | followed by _|| 
CHBr—CH=—CH CH—CH=CH distillation CH—CH=—CH 
; : | in high vacuum 
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(The 1,6-position of the 
2 bromine atoms has not 
been established). 


Cyclo-octatetra-ene. 


The proof, that in the case of each of these reactions the eight-membered 
ring is actually preserved intact, was carried out by hydrogenation 


57 R. WILLSTATTER and E. WasER, Ber., 44 (1911) 3430. 
58 B. WILLSTATTER and E. WASER, Ber., 44 (1911) 3430. Further data and a repe- 
tition of this work will be found in: A. C. COPE and C. G. OVERBERGER, cb Am. Chem. 
: ae es | 27 Pi by WILLSTATTER 
Soc., 70 (1948) 1433; m.pt. of CsHs, —5.5° In place of —27° given by 
and Waser, the —7° by REPPE, or the —6° given by ZIEGLER, For the synthesis 
from chloroprene, see A. C. Cope and W. J. Baitey, J. Am. Chem. Soc., 70 (1948) 2035. 
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of the unsaturated hydrocarbons obtained to cyclo-octane, as well as by 
oxidation of the latter to suberic acid, 


_COOH 


COOH 

Today cyclo-octatetra-ene can be prepared on a technical scale by the 
method of REPPE °°, from acetylene under pressure in the presence of cyclic 
ethers, best tetrahydrofuran, with nickel cyanide or certain other suitable, 
not typically salt-like, nickel compounds as catalysts. Cyclo-octatetra-ene 
is a yellow, unstable, readily reactive, liquid, boiling at 142° 60. 

Cyclo-octatetra-ene is a substance which possesses properties completely 
different from those of benzene. Thus it exhibits the characteristic reactions 
of unsaturated compounds; bromine adds instantaneously, permanganate 
is decolorized, a nitric acid-sulfuric acid mixture does not act as a nitrating 
agent, but destroys the molecule completely. 

In the case of less energetic reactions it shows the characteristic properties 
of unsaturated and conjugated systems, as for example the addition-reaction 
of alkali metals, or of perbenzoic acid. Intramolecular transformations lead 
to its reacting not only as a four fold, or tetra-unsaturated, eight-membered — 
ring, but also as a doubly unsaturated, six-membered ring, condensed with 
a four-membered ring, or even condensed with two three-membered rings, 
which then however undergo fission ®. 
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More stable than cyclo-octatetra-ene, but still quite reactive, is 1,2; 5,6- 
dibenzo-cyclo-octatetra-ene ®?, in which two of the double bonds of the 
tetra-ene are anchored in benzene rings. In the case of tetrabenzo-cyclo- 
octa-tetra-ene the reactivity is reduced still further. 


59 W. REPPE, Amn., 559 (1948) I. 

8° For further physical constants see also K. ZIEGLER and H. Wits, Ann., 567 
(1950) 28 and 4o. 

51 Compare W. Repps, reference 59, pp. II etc., as well as the critical remarks made 
by K. ZIEGLER and H. WILMs, reference 60, pp. 22 and q1 etc. 

®2 For its preparation from o-phthalaldehyde and o-phenylenediacetonitrile, see 
L. F, Freser and M. M. Precut, J. Am. Chem. Soc., 68 (1946) 2577. For another 
method of preparation, see GEo. WITTIG, unpublished data. Benzo-cyclo-octatetra- 
ene, see R. G. SHUTTLEWoRTH, W. S. Rapson, E. T. Sruart,and H.M. SCHWARTZ, 
J «Chem. Soc., (1944) 71; 73. 
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1,2; 5,6-Dibenzo-cyclo-octatetraene 1,2; 3,4; 5,6; 7,8-Tetrabenzo-cyclo-octatetraene 


In the latter, as follows from the diffraction of X-rays on its crystal 
lattice **, the eight-membered ring is not planar. The angles are close to 
120°, the interatomic distances in the rings are alternately 1.39 A in the 
benzene rings, and 1.52 A in the octatetraene ring. The centers of the four 
benzene rings lie, moreover, in the corners of a regular tetrahedron. 

Cyclo-octa-tetra-ene is, according to its ultraviolet spectrum, likewise 
not of planar structure ®. Its energy-content (free energy-content) is 
unusually high; with a heat of combustion of 1069 Cal. per mole (liquid at 
constant pressure) according to REPPE ®, or 1086.0 + 0.3 Cal. at 25° C accor- 
ding to PROSEN °, it is considerably greater than that for the isomeric 
styrene, using the American measurements on both substances, by 36.1 Cal. 
in fact. 

In spite of numerous attempts, WILLSTATTER was not able to prepare 
the next lower homolog of benzene, cyclobutadiene; we must therefore 
assume that it is not a stable compound comparable to benzene. 

Thus it follows that neither in the case of the 8-membered nor of the 4- 
membered ring can an aromatic state of bonding such as that in benzene arise 
as the result of a continuous and closed system of conjugated double bonds. 

In the case of rings with an odd number of ring-members, such as 5 or 
7, etc., such a closed continuous system is already impossible because of the 
odd number of links itself. In the nuclear hydrocarbons cyclopentadiene and 
cycloheptatriene (See p. 622) the ends of the conjugated systems are, so to 
say, ‘‘sealed off’’ or isolated one against the other (Compare Vol. II, Chapter 
XVII). Nevertheless, as known already for a long time, there are 5-mem- 
bered rings of aromatic nature. These are however heterocyclic rings, and 


68 J. LucorK1 Kare and L. O. Brockway, J. Am. Chem. Soc., 67 (1945) 1974. 

64 W. Reppr, loc. cit. footnote 59, pp. 9—11. The value for the electron-diffraction 
makes it seem probable that the ring is not planar, that the angles are 120°, that all 
interatomic distances in the ring are 1.40 A. Nevertheless, this result cannot be con- 
sidered as definitely established. See O. BASTIANSEN and O. HASSEL, Nature, 160 (1947) 
128. See also H.S. KAUFMANN, I. FANKUCHEN, and H. Mark, Nature, 161 (1948) 165, for 
a compilation of the literature. For a discussion of this problem see K. ZIEGLER and 
H. Wiis, Amn., 567 (1950) 27. 

65 W. Reppr and coworkers, Joc. cit., footnote 59, Pp. 5—®. ; 

66 E, J. ProsEeN, W. H. JOHNSON, and F. D. Rossin, J. Am. Chem. Soc., 69 (1947)2068, 


also 72 (1950) 650. 
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will be discussed in the next section viii, pp. 676 etc. A carbocyclic seven- 
membered ring of aromatic nature is the only recently discovered cyclo- 
heptatrienolone, or tropolone, by analogy to the seven-membered carbon | 
ring, tropane, with however also a bridge-nitrogen, of the tropine alkaloids; 








O-H #7 
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Tropolone Tropane. 


This substance is found in various naturally occurring products, as in the 
three isomeric thujaplicins, of the heartwood of Thuja plicata ®*. These are 
isopropyl-tropolones with the zsopropyl group in the «-, 8-, and y-positions 
respectively to the carbonyl or hydroxyl group. Such a ring also constitutes 
a part of the ring-system of colchicine. 

That such a ring of aromatic nature might be present in colchicine, and — 
also in the stzpitatic acid ®° obtained from the mould Penicillium stipitatum, 
was first suggested by J. S. DEwar 7. Shortly thereafter the already long 
known red dyestuff purpurogallin, an oxidation product of pyrogallol in 
neutral or weakly acidic solution, and previously formulated otherwise, was 
recognized *! to be a vwic.-trihydroxy-benzo-tropolone, and its constitution 
proved to be 





O 
OH || OH? 


HoO_7 \” \ 


CH 
HO— 
\ 
cc” 
= ems 


*? For a comprehensive review see J. Guoprn, Bull. Soc. Chim. France, 1951, D, 
57—64. CHOPIN cites earlier literature. Also G. HuBER, Z. angew. Chem., 63 (1951) 501; 
J. W. Cook and J. D. Loupon, Quart. Rev., 5 (1951) 99. 

°° H. ERDTMAN, J. GRIPENBERG, and A.B. ANDERSON, Acta Chem. Scand., 2 (1948) 
625, 639, 644; also Nature, 161 (1948) 7109. 

8° J. H. BrrkinsHaw, A. R. CHAMBERS, and H. RAIsTRICK, Biochem. J., 36 (1942) 
242. 

0 J. S. Dewar, Nature, 155 (1945) 50. 

7} J. A. Bartrrop and J. S. Nicuorson, J. Chem. Soc., (1948) 116. 

 R. D. Hawortu, B. P. Moors, and P. L. Pauson, J. Chem. Soc., (1948) 1045; 
R. D. Hawortu, D. Caunt, W. D. Crow, and C. A. Vopoz, J. Chem. Soc., (1950) 1631; 
also (1951) 1313, 1318. 


—— 
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The tropolone itself is a colorless substance melting at 49.5°. It has been syn- 
thesized in various ways 78, so that its constitution is well established. 

The aromatic nature of tropolone and of its derivatives, such as for 
example its methyl ether, shows up in numerous reactions, of which we 
shall mention only a few. Tropolone can be halogenated, or nitrated (to 
yield «- and y-nitrotropolones); the nitrotropolones can be reduced to the 
amines, and these can in turn be diazotized. Tropolone can not be hydro- 
genated by use of a palladium catalyst, thereby differing from the unsatur- 
ated compounds, but does add on hydrogen in the presence of a platinum 
catalyst, more easily of course than does benzene, —three moles rapidly, the 
fourth more slowly, yielding eventually c’s-cycloheptane-1,2-diol,... 


Hee or 
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The rearrangement of the tropolone ring to the benzene ring system has 
been observed in several cases; thus the «- and y-nitrotropolones can be 
rearranged to yield the o- and f-nitrobenzoic acids respectively “*. 

Of the functional groups present the carbonyl is masked; tropolone itself 
as well as its methyl ether gives no ketone reactions. The hydroxyl group, 
on the other hand, reacts; it is weakly acidic, so that tropolone dissolves in 
soda, and even in bicarbonate solution, to give a distinctly yellow solution. 
At the same time it may also exhibit a basic character toward strong acids, 
thus forming a hydrochloride with hydrochloric acid. As in the case of the 
a-hydroxy-anthraquinones (See p. 148), chelate formation must be assumed 
to occur between the carbonyl and the hydroxyl groups. Because of the 
unusual nature of the state of bonding, tautomerism is produced by a con- 
tinual shifting of the double bond and a back-and-forth migration of the 
hydroxyl hydrogen to the carbonyl, so that the hydroxyl] and the carbonyl 
are always exchanging places. As a result there are only three rather than the 
five monosubstitution derivatives that one might derive from the unsymmet- 
rical formula. The two oxygen atoms are nevertheless distinguishable, as 
shown by X-ray structure-analysis of the copper complex salt 7°, formed by 


73 W. von E. Doerinc and L. H. Knox, J. Am. Chem. Soc., 72 (1950) 2305 (by 
careful oxidation of cycloheptatriene by means of permanganate, yield about 1%); 
also J. W. Cook, A. R. Grps, R. A. RAPHAEL, and A. R. SOMMERVILLE, J. Chem. Soc., 
(1951) 503; Chemistry and Industry, (1950) 427 (by bromination of cycloheptane-1,2- 


dione, followed by hydrolysis). 
74 J. W. Cook, J. D. Loupon, and K. V. STEEL, Chemistry and Industry, (1951) 669. 


7 J. M. Ropertson, J. Chem. Soc., (1951) 1222. 
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tropolone in analogy to the similar salts formed by the a-hydroxy-anthra- 
quinones. One of the oxygens is at very nearly the same distance from the 
ring-carbon atom as it is in a carbonyl group (1.25 A in place of 1.22 A); the 
other is placed a little closer than in a hydroxyl group (1.34 A in place of 
1.40 A). Besides this, the free tropolone shows the characteristic, though 
slightly modified, infra-red band for a hydroxyl group **. X-ray structure- 
analysis of the copper complex gives proof, independent of the bonding state 
of the oxygen atoms, of the aromatic nature of the seven-membered ring, for 
the average inter-atomic spacing of 1.4 A is practically the same as in ben- 
zene, even though the likewise planar ring is not quite so regular as it is in 
the case of benzene, but rather slightly irregular with small differences in 
the inter-atomic distances and valence angles: 


eo, 
~..183 
ey 
a 
: 
>Cu 
> 
: 


- 
- 
x 
ssa 
nae 198 
- 





Of the chemical behavior and physical properties of tropolone that are 
here sketched only in their larger aspects, it is of special interest, especially 
in reference to the bonding state of aromatic compounds, that the ‘‘aromatic’”’ 
seven-membered ring contains three double bonds, just as does benzene, 
These three are however not sealed or blocked off as in the case of cyclo- 
heptatriene, but rather form, together with the exocyclic carbonyl double 
bond, a continuous and cohesive, though crossed at this point, system of 
double bonds. Whether, and to what extent, a further interaction with an 
unpaired electron pair of the hydroxylic oxygen, or of the ether oxygen in 
the methyl ether, plays a role is still uncertain. Essential for the aromatic 
character is then, as shown by comparison with cyclo-octatetraene, not that 
the ends of a conjugated system must be ring-closed, but rather that three 
double bonds must be present in one ring, either with the system being 
closed off in the ring, or able to enter into interaction with an exocyclic 
double bond at that point where the ring-conjugation is broken. 

We find then that in order to explain the stability of benzene in terms of 
the state of bonding just considered, a supplementary hypothesis is necessary. 
In terms of the electron theory we can express this as follows; aromatic 
character requires the presence of six electrons which could normally not 

7° H. P. Kocu, J. Chem. Soc., (1951) 512. 


a 
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be placed in the ring, or could be placed therein only in three-electron 
bonds. Thus, fundamentally, even by use of the formal electron theory, 
we are still on the same standpoint as was BAMBERGER in the year I8go, 
when he required six “‘potential’’ valences for the creation of the aromatic 
state 7”. No known chemical facts help us to understand the special signific- 
ance of the number 6; this special position of the number 6 seems to constitute 
an as-yet uncomprehended axiom. If we wish to give expression in some way 
to the special significance of the number six in, for example, the formulas for 
benzene and naphthalene, the six electrons involved may be emphasized by 
means of crosses: 
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é ( é 
Pi Pe eas Pais 
me aa » 

Hacw) H ixC—H Higkae x OK. Seer 
| | | 
H—C x xC—H H—C x xCx x C—H. 

x 
| | 
H H H 


When written in this way, the formula for benzene is almost exactly like 
that given by LoTHAR MEYER in 1865. The only difference is that LOTHAR 
MeyeER had joined the crosses to the carbon atoms by means of bond 
dashes! (Cf. p. 654). 

A disadvantage of this mode of notation is evident in the case of naph- 
thalene, for just as in the case of the centric formula of BAMBERGER (p. 661) 
the atoms g and 10 do not appear to be bonded together by any means. 
In order to avoid this disadvantage, it is useful to replace, or draw together, 
two of the crosses on the atoms g and 10 to forma bond-dash, and to assume 
further that the two remaining electrons belong to both of the two six- 
membered rings: 


as > 
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We do, however, by this mode of writing give up the sextet as the number 
of potential valences in each ring. 

Only by means of the quantum theory can we get beyond the merely 
formal content of these formulas. This theory also enables us to understand 
what heretofore we could only introduce as the uncomprehended axiom 
of the six potential valences, and of the peculiarities of the benzene struc- 
ture, relative to the naphthalene structure. According to the quantum 
theory the structure written above for naphthalene appears to be the most 


77 —, BAMBERGER, Ann., 257 (1890) 47. 
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useful and satisfactory, if we wish to give expression to its aromatic pro- 
perties. As a matter of fact, the six potential valences in each ring do not 
in this case have the same significance as in the case of benzene. This subject 
will be discussed in greater detail in Vol. II, Book III, Chapter XVII. 
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The special position occupied by the ‘“‘triply unsaturated” six-membered 
ring as a stable aromatic system is found to hold not only in the carbocyclic 
series but also in the heterocyclic compounds which contain six-membered 
rings, such as: pyridine, quinoline, isoquinoline, and acridine, as well as 
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Pyrimidine Pyrazine, 


many others. 

These can be, as KORNER recognized for pyridine as early as 1869, classi- 
fied without difficulty along with the aromatic carbocyclic compounds, so 
that they need not be discussed specially 78. The same is true also for the 
oxonium compounds of the type of the pyrylium and the benzopyrylium 
salts (p. 137), in which an electron pair of the oxygen atom which usually 
does not participate in chemical bonding is drawn upon to produce the 
aromatic state. The number 6 of the electrons which cannot be taken care 
of by means of the usual bonds has in all these compounds the same signi- 
ficance that it has in benzene. 

This number 6 however, as BAMBERGER 79 already surmised, also plays a 
role in the five-membered rings. Just as the “triply unsaturated”  six- 
membered ring has no analogy, so also do the “doubly unsaturated” five- 
membered rings occupy a special position, and BAMBERGER 7° tried to derive 
these also from a system of six potential valences. At his time these attempts 
seemed still somewhat schematic ®°. In the electron notation of substances 
however, these relationships of the five-membered to the six-membered 


ws For the ozonization of pyridine at —30° C yields glyoxal, as does also 4-ethyl 
pyridine. Compare E. C. KooyMANN and J. P. Wisaut, Rec. Trav. Chim., 66 (1947) 
705. This article also gives data on the behavior of di- and trimethylpyridines. 

7° E. BAMBERGER, Ber., 24 (1891) 1758; Amn., 273 (1893) 373.) -) 

s0 The: criticisms of G: CIAMICIAN,— Ber., 24 (1891) 2122: G. CIAMICIAN and C. M. 
ZANETTI, Ber., 26 (1893) 1711; as well as of W. MARCKWALD, Ann., 279 (1894)1,— 


in the final analysis reduce down only to the assertion that BAMBERGER’s formulation 
1S not necessary. 
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rings, the relationships to the aromatic compounds as required by BAm- 
BERGER, can be seen more clearly. While it is true that these considerations 
have not led to the discovery of new facts, they do help us to understand 
not only the relationships just mentioned, but also several other peculiarities 
that have been found among certain five-membered rings during the course 
of time, purely by experience (experimentally). 

A brief characterization of the chemical behavior of the most important 
compounds belonging to these classes will be given to precede our discus- 
sion §1, At the same time those ring-systems, in which such a “doubly 
unsaturated”’ five-membered ring is condensed with six-membered aromatic 
rings, will also be named. As examples we may mention: 
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81 For a detailed and comprehensive review see Mryer-Jacopson, Lehrbuch der 
organischen Chemie 2,3, PP. 682 etc., Berlin and Leipzig, 1920. 
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Of these compounds thiophene and its derivatives very closely resemble 
benzene and its derivatives, both in their physical as well as in their chemical 
properties. In the same way, thionaphthene resembles naphthalene, while 
thiazole and pyridine show extraordinary similarities ae ee. 

The thiophene ring is attacked only with great difficulty ; the substitution 
reactions characteristic of the aromatic compounds usually take place a 
little more readily than with benzene. The heterocyclic rings with several 
nitrogen atoms differ quite markedly from benzene, as well as among them- 
selves, in their physical properties, but like benzene they also share the 
vemarkable stability of the nucleus against chemical attacks. This is true 
especially of pyrazole. Furan and pyrrole are much less stable; under the 
influence of acids the nuclei of the parent substances are very readily 
attacked, those of their derivatives somewhat less readily, and then undergo 
polymerizations and other transformations. Catalytic hydrogenation, how- 
ever, here too, as in the case of benzene, occurs very slowly. 

In spite of its sensitivity to acids, which will find its explanation below 
(pp. 684-685), furan is a relatively very low-energy compound; its heat of 
hydrogenation to tetrahydrofuran is only 36.6 Cal. %8, while the hydro- 
genation of divinyl ether (vinethene), CH,=CH—O—CH—=CHg, in which, 
it is true however, there is no conjugation of the double bonds, yields 
57.2 Cal. for the two double bonds *. 

Pyrrole undergoes a few substitution reactions *°; in this respect it 
reminds one much more of the readily substituted phenol than of benzene. 

As soon as one mole of hydrogen is added to these compounds, the 
“aromatic character’ of any of these five-membered rings is lost just as 
completely as it is following a partial hydrogenation of benzene; the com- 
pounds resulting behave just as do similar, singly-unsaturated, open-chain 
compounds. While it is true that the over-all behavior of some of the ring 
systems included here shows greater or lesser differences relative to benzene, 


82 A. Hantzscu, Ann., 250 (1889) 258; more recently J. P. Wisaut and H. E, 
JANSEN, Rec. Trav. Chim., 53 (1934) 77 (for bromination); 56 (1937) 699, (for benzo- 
thiazole and quinoline); H. J. DEN HertoG and J. P. Wispaut, Rec. Trav. Chim., 
51 (1932) 381, 940 (bromination of pyridine). Furthermore E. Ocutar and F. NaGa- 
sAWA, Ber., 72 (1939) 1470. Several investigators have pointed out differences in the 
behavior of the pyridines and the thiazoles with side-chains, as well as of substituted 
quinolines and benzothiazoles. For a review of this subject see E. Ocurat and T, 
NiszIsHawa, Ber., 74 (1941) 1407. 

88 G, B. Kistraxowsky, J. Phys. Chem., 41 (1907) 182. 

4 G. B. Kistiakowsky and Coworkers, J. Amer. Chem. Soc., 60 (1938) 440. 

86 For the substitutability of furan see H. Gr-Man and R, V, Youne, J. Am. Chem. 
Soc., 56 (1934) 464 (easier nitration than of benzene); 55 (1933) 4197 (FRIEDEL- 
CraAFTs reaction in the substituted furans). For the behavior of 3-aminofuran and of 
3-hydroxyfuran (the latter exhibits no phenolic properties) see H. B. StEvENSON and 
J. R. Jounson, J. Am, Chem. Soc., 59 (1937) 2525. 
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one can nevertheless not fail to recognize, especially on the basis of the 
fact that even tetrazole shows marked similarities to benzene, that the special 
nature of the ring-forming union is more important for the chemical and 
physical character of the ring system than is the nature of the elements 
constituting the links of the ring **. 

In the carbocyclic system of cyclopentadiene, on the other hand, we find 
no indications of aromatic character. Its heat of hydrogenation of 50.9 Cal. %” 
is of course definitely smaller than the heat of hydrogenation of other 
conjugated systems such as: butadiene, 57.1 Cal.; cyclohexadiene-1,3, 
55.4 Cal.; nevertheless the first stage of hydrogenation to cyclopentene 
with 24.0 Cal. is not markedly smaller than the second with 26.9 Cal. *. 
Its reactions place it in parallel with the conjugated systems with open 
chains, which it exceeds in its capacity for polymerization, in accordance 
with the principle of diene synthesis (p. 598) *°. There is, however, a funda- 
mental difference between the behavior of the methylene group, CHa, 
enclosed between the two C = C-double bonds of cyclopentadiene as com- 
pared with similarly situated methylene groups in open-chain and in ring 
systems other than the five-membered. Thus, for example, the methylene 
group of cyclopentadiene can form metal derivatives by direct replacement 
of hydrogen by alkali metal atoms. The same substitutability of hydrogen 
by alkali metal is also observed in indene ® and fluorene %, Parallel with 
this, and probably the result of this ability °°, these CH, groups exhibit 
a capacity for condensing with carbonyl-* as wellas with nitroso- compounds. 
The next higher ring-homolog of cyclopentadiene, cycloheptatriene, 


H—C=—C—H 
| 
H==G C—H 
| | 
H—C C—H. 


CH, 


has neither a hydrogen directly repiaceable by a metal atom, nor a reactive 
methylene group; likewise, among the compounds with an open chain, none 
has ever been found that corresponds in its behavior with cyclopentadiene. 
On the other hand, there are certain analogies to pyrrole and to indole; 


86 MEYER- JACOBSON, Ref. 81, p. 691. Compare also E, BAMBERGER, Ber., 24 (1891)1762. 
8? G. B. Kistiakowsky and Coworkers, J. Am. Chem. Soc., 58 (1936) 146. 

88 G. B. Kistrakowsky and Coworkers, J. Am. Chem. Soc., 59 (1937) 831. 

89 K. Acper and G. STEIN, Ann., 485 (1931) 223; 496 (1932) 2045 504 (1933) 216. 
9 See p. 378 for the condensation of fluorene-sodium with oxalic acid diethylester. 
91 See p. 639 on the formation of the fulvenes. 
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here also hydrogen is replaceable by alkali metal, and the resulting metal 
compounds are capable of reacting tautomerically, such as follows in the 
case of pyrrole: 


HC——CH HG==—-CH 7H HC——CH 
Lev and | HC——C—K | | 
Hie es FEC ope =) igs 13 (ep Darel 2 
pear N xk Nut CH 
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a) b) c) Compare with a), b), and c), 


Corresponding to these we find also a capacity of the CH, group for con- 
densation with carbonyl- and nitroso-compounds, in both of the tautomeric 
“cyclopentadiene forms’’*? b and c of pyrrole %, and also of indole as 
well ™. 

It is now possible to understand,—on the basis of this tendency to form 
a stable hexacentric system of aromatic character,—the special position 
of cyclopentadiene, which could not be predicted on the basis of any previous 
theory. In his time THIELE *° was very much puzzled by the fact that the 
condensations which go so smoothly in the case of cyclopentadiene fail to 
take place in other hydrocarbons containing a methylene group enclosed 
between two double bonds. On this same basis it is now possible to under- 
stand also the state of bonding in the other five-membered rings which are 
doubly unsaturated in terms of the usual structural formulas. 

If now we attempt to construct a formula for cyclopentadiene itself, such 
that it will correspond to the electron-formula of benzene with all its three- 
electron bonds, we find this to be impossible. For of the 20 valence electrons 
of the five ring-carbon atoms, only 14 are available for this purpose, since six 
are required to bond the six hydrogen atoms. In the formation of cyclo- 
pentadiene-potassium, C;H;K, which we shall probably have to consider 
as heteropolar, the carbon atom of the methylene group acquires a lone 
electron pair, for now, since the potassium is not bound by any particular 
electron pair, 16 electrons in all are available. These 16 electrons can be 
distributed over the five three-electron. bonds, and one then still remains 
to complete the sextet number in the-ring: 


*2 In the case of pyrrole these forms are usually named ‘‘pyrrolenines’’, and in the 
case of indole, ‘‘indolenines’’. 


3 A, ANGELI, F. ANGELICO, and E. CALVELLO, Atti Accad. Lincei 
16; F. ANGELICO and E. CALVELLO, Gazz. Chim. Ital., 34, I (1904) 
Sammlung chem. u. chem.-techn. Vortrdge, 17 (Stuttgart: Enke. 
CoLaciccHl, Gazz. Chim. Ital., 42, I (1912) 
Accad. Lincei [5], 21, I (1912) 600. 

*4 For example, A. ANGELI and M. Spica, Gazz. Ch 

%° J. THIELE, Ann., 319 (Ig01) 229. 


[5], 11, II (1902) 
38 etc.: A. ANGELI, 
1912) 313, 315; U. 
10; U. CoLaciccui and C. BERTONI, Afti 


im. Ital., 29, I (1899) 500, 
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In these structures the 6 central electrons are emphasized by crosses. 

In the case of pyrrole a lone electron-pair from the trivalent nitrogen 
is available from the very beginning; therefore an electron-distribution 
corresponding to the bonding state of cyclopentadiene-potassium can be 
established at once. In this the lone electron-pair is split up, and can no 
longer act, as is usually the case, as intermediary for addition-reactions 
to the trivalent nitrogen atom, unless the doubly unsaturated state corres: 
ponding to cyclopentadiene becomes established: 





oe Rie! leh : Aff 
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The three different possible formulas for pyrrole-potassium, bearing 
respectively a lone (unshared) electron-pair on the nitrogen, or on the «, 
or on the @-carbon atom, are then as follows: 
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In a manner completely analogous to the case of pyrrole, formulas with 5 
three-electron bonds and six central electrons can now be written for 
furan and thiophene, by using the lone electron-pair from the oxygen and 
the suifur respectively, which is otherwise used to establish the oxonium 
or the sulfonium bonds. 

In these electron formulas we find the old formulas of BAMBERGER with 
six potential valences in only a slightly modified form. Thus for pyrrole, 
furan and thiophene he wrote respectively: 
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Giegears H—C=——C-H ae neat 
H—C— -—C—H H—C~ ““C—H H—C~ “C—H 
Ole A BAS ae bs ed 
N O S 

| 
H . 
Pyrrole, Furan, Thiophene. 


The manner of writing which places emphasis on the six electrons, or the 
six potential valences, in a heterocyclic ring can also be extended to a few 
other compounds for which formerly other formulations were considered, 
but which did not prove satisfactory. As the most thoroughly investigated . 
example we may discuss anthranil = 8,y-benz-isoxazole, and its derivatives. 
Although this substance is very similar to the isomeric benzoxazole °* it was 
nevertheless necessary to formulate it differently %: 


fee Vi rare I a OF 
OU CL « OS 
\ ne \/ SN \ a 


Benzoxazole, §,y-Benz-isoxazole = Anthranil 
O 
ey ge Z 
fi es H,0 “if | 0H 
—— ee . 
Lactone type structure, Anthranilic acid. 


or Lactam 


Originally a formula with the four-membered ring was also considered %, 
representing anthranil as the lactone of anthranilic acid, which is formed 
readily from anthranil by the action of warm alkali, but which cannot 
again be converted back into anthranil. This of course seems strange if one 
wishes to consider anthranil as the lactone. Finally the lactone formula 
seems completely eliminated because of the existence of aC-methylanthranil, 
the formation of which corresponds completely with that of anthranil 


itself %: 7 
a , 
a“ H 
=—C=0 —CX<oO / iN 
—NO, ay | H oF | * 
pr slrays 4 
o-Nitrobenzaldehyde o-Hydroxylamino- Anthranil 
benzaldehyde 


#6 BaMBERGER, Ber., 36 (1903) 827; 37 (1904) 2054. 


E, 
9” P. FRIEDLANDER, Ber., 15 (1882) 2105. 
98 P. FRIEDLANDER, Ber., 28 (1895) 1382, 1384. 

°° E. BAMBERGER and F, Etcer, Ber., 36 (1903) 1612. Older attempted proofs for 
the four-membered ring structure of anthranil were answered and eliminated by E. Bam- 
‘BERGER’S discussion in Ber., 42 (1909) 1647. The newer experimental results of G. 
HELLER (Ber., 49 (1916) 523) also failto give proof for the four-membered ring formula. 
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o-Nitro-acetophenone C-Methylanthranil 

Difficulties of formulation in this case are then the same as for anthracene; 
one probably has the choice between a formula with a diagonal bond and 
an ortho-quinoid formula; neither of these possibilities however permits us 
to read off the analogy to benz-oxazole. This analogy, however, at once 
comes to light when we assume a participation of two electrons coming 
from the oxygen atom in the bonding of the five-membered ring, just as 
in the case of furan. In this case we have for the bi-cyclic structure a formula 
corresponding to that of naphthalene, or more exactly, to that of indole: 
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Indole. 


A difference with respect to indole is that in the latter the nitrogen 
must furnish the electrons necessary to fill up the sextet, while in benz-oxa- 
zole and inanthranil the nitrogen retains its lone electron-pair, as the formulas 


show. 
Other compounds that may be written in the same way as anthranil 


are for example: 


N 
—~ 
q Pt os en Geet ee 
Se Nn 
H 
Benz-iso-thiazole N-Phenyl-benzo- 
or Thio-anthranil 1° triazole *™ 


and the so-called azi-nitroso compounds ?°, such as 


100 S GABRIEL and TH. Posner, Ber., 28 (1895) 1028; 29 (1896) 160; also E, Bam- 


BERGER, Ber., 42 (1909) 1712. 
101 [.. GATTERMANN and G. WICHMANN, Ber., 21 (1888) 1633. 
102 C, WiLLGERODT and Coworkers, J. prakt. Chemie [2], 40 (1889) 254; 42 (1890) 


126, among many other papers. 
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N 
N ot ee 
atte C,H O 
CBr rene and its N-oxide, viii teow 
ma as well as probably also Benzofurazan1°* 
ag Be 


Phenyl-benzo-triazole- N-oxide 1° 


For the production of the aromatic bonding state in heterocyclic five- 
membered rings, which is to be regarded as their stable normal state, it is 
necessary that some otherwise not used electrons of one of the hetero-atoms 
be brought to participate in the action. Thus in pyrrole the nitrogen atom 
loses one unshared electron-pair. In furan this is done by the oxygen atom, 
and in thiophene by the sulfur atom. Those reactions which depend for their 
occurring on the presence of such electron-pairs, and which are given by com- 
pounds in which no demands are made on them, cannot be given by five- 
membered rings of aromatic character which do not contain a lone electron- 
pair, or are given only when the aromatic state is abandoned, and the unsat- 
urated state established. Since in this state the substance will in general 
possess a greater reactivity, as for cyclopentadiene, such reagents as require 
the presence of a lone electron-pair in order to attack, if they are to attack 
at all, may at the same time readily lead to a further change in the molecule. 

It is from this standpoint that we must, and are able to, understand the 
sensitivity of pyrrole and of indole as well as of furan and of coumarone 
(= benzofuran) toward acids (p. 678); the electron-pair }° necessary for 


103 N. ZININ, Ann., 114 (1860) 222; A. WERNER and E. Stiasny, Ber., 32 (1899) 
3262,°3271. 

104 TH, ZINCKE and PH. SCHWARZ, Ann., 307 (1899) 31, 40. 

105 See This Volume p. 45. It is not necessary that an electron-pair be immediately 
withdrawn from the electron-sextet group of pyrroles. This is, however, necessary for 
salt-formation, which leads to an exceedingly unstable salt ef one of the amines 
corresponding to the doubly unsaturated pyrrole formulas. On the contrary, it is 
possible, here too, that by the removal of one electron a cationic residue with radical 
characteristics, and corresponding to the formula 


| HC———-CH + 
| 
5X | 
| HC ghtAs Gl 
\n | 


H 


a 


will remain, It is, of course, true that up to the present time it has not been possible 
to prepare Salts of this cationic radical °°, but quinhydrones, derived froma methylated 
pyrrole, are known, and these too require for their formation one of the electrons of 
the pyrrole molecule, without the reaction leadin g to the formation ofa strictly hetero- 
polar salt-like compound 197, 
*°6 Compare in this connection also the section on radicalions, Chapter IV, pp. 207 ff. 
‘07 E, Weitz and Fritz Scumipt, J. prakt. Chem. [2], 158 (1941) 211. 
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salt-formation or for the formation of an oxonium bond is taken out of 
the aromatic compound, and the molecule is converted into an unsaturated 
state °° in which it quickly undergoes further changes. In what seems to 
be a striking contrast to these substances, diphenylene oxide and carbazole, 
the “‘aromatic states’’ of which correspond to that of anthracene, are not 
affected by acids. 

This fact becomes comprehensible, however, when we consider that in 
the “unsaturated state’ as represented by the “‘usual formulas’’, both the 
two “‘double bonds”’ of the five-membered ring are anchored fast in the two 
benzene rings, just as in fluorene, which also, unlike indene and cyclopenta- 
diene, isnot attacked by acids. The group of six electrons in each of the six- 
membered rings is then so firmly anchored as an aromatic bonding system 
that the electrons that belong to it are no longer at the disposal of the 
middle, here the heterocyclic, ring, while in the case of anthracene they 
are at the disposal also of the middle ring. Consequently, in the case of 
carbazole, the lone electron-pair of the nitrogen atom, in the middle ring, 
or in the case of diphenylene oxide the lone electron-pair of the oxygen 
atom, either participates not at all or only inappreciably, in the bonding 
relationships. Therefore the nitrogen atom of carbazole can participate in 
salt-formation without endangering the stability of the ring-system. At the 
same time, however, carbazole and fluorene also form alkali-metal compounds ; 
in these the anion has probably taken up or absorbed an electron-pair into 
the complete bonding system, so as to produce a bonding state related to 
that of anthracene. In the case of carbazole itself, and of diphenylene oxide 
as well, the classical formulas, especially when the electron-sextet groups 
in the end rings are emphasized, seem to constitute a very useful expression 
for their chemical behavior: 


OO. aL 
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Diphenylene oxide Carbazole 
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Coumarone 








108 Sych a tautomerism in the salt-formation of indole was already assumed by 
E. BAMBERGER, Ber., 24 (1891) 1764 (footnote) ; Amn., 273 (1893) 377: 
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A corresponding formulation, in which the six-membered ring is emphasized 
as an internally self-inclosed complete structure, seems to be useful as well 
for the bi-cyclic system of coumarone (benzofuran), which latter is thereby 
brought into contrast to the bi-cyclic system of indole. For coumarone, 
which in other respects, like furan, is very sensitive to acids, undergoes 
addition reactions with halogens, just as does an unsaturated compound, 
and is also attacked by potassium permanganate, while indole, which is 
likewise sensitive to acids, in this case acts as an N-benzoyl-derivative, 
undergoes substitution by halogen in the five-membered ring, and is stable 
to permanganate. 

When there are several hetero-atoms in the same ring, of which one has 
not made its lone electron-pair available, then this hetero-atom can bind 
a hydrogen nucleus to form a cation. In this way we can understand how the 
five-membered rings containing several nitrogen atoms are stable to acids, 
and are able, as more or less strong or weak bases, to form salts. The same 
is true of anthranil, in which the nitrogen atom also still carries the lone 
electron-pair. The difference in the behavior of pyrrole and, for example, of 
imidazole, in salt-formation finds expression in the following formulas: 


HC—————-CH HC—————-CH | HC CH |* 
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Pyrrole Pyrrole hydrochloride 
BOS aN bey Gas tes, Ee 
x +HCl | x x 
x x =e x x = 
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ee fi ae | 
Imidazole Imidazole hydrochloride 


The cation of imidazole is of very symmetrical structure; both nitrogen 
atoms are bound in exactly the same way. 

In the formation of pyrrole-potassium on the other hand, the aromatic 
bonding state of pyrrole is not affected; here the lone electron-pair on the 
nitrogen (or on the carbon atom in the tautomeric form) is again reproduced 
in the anion (See formulas on p. 681). Many other nitrogen-containing 
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heterocyclic five-membered rings can react in an exactly corresponding 
manner; these then also exhibit marked amphoteric nature. 

The aqueous solutions of these compounds,—the solubility of which in 
water is often remarkably great,—therefore react in some cases neutral, as 
for pyrazole and the triazoles, sometimes alkaline, as for imidazole, or also 
acid, as for tetvazole. In the latter case the tendency to form a cation, by 
adding on a hydrogen nucleus or proton, is almost absent. Since the off- 
dissociation of a hydrogen nucleus or proton leaves a lone electron-pair on 
one of the nitrogen atoms, all nitrogen atoms in the anion are bound in 
exactly the same way: 








in , pHa 
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| “4 ‘Ht | | 6x | st 
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While in the imidazole molecule, which shall here again serve as an 
example for rings containing several nitrogen atoms, both of the nitrogen 
atoms appear as differently bonded, they are not different from one another 
in either the cation or the anion. For this reason certain structurally isomeric 
and substituted imidazoles, that might be expected according to the old, 
as well as according to the new, imidazole formulas, namely the 4- and the 
5-substituted imidazoles, 
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will not be isolable, for both yield the same cation as well as the same 
anion; and because of the amphoteric nature of the imidazole nucleus, an 
equilibrium state, in which the two nitrogen atoms become indistinguishable 
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one from the other, will always result, whether the solution be acid, or 
alkaline, or neutral. 

Formerly, in order to explain the failure to find the isomers of substituted 
imidazoles, pyrazoles etc., as expected on the basis of structure-theory, 
resort was made to the hypothesis of the “flowing (or migrating) double 
bonds” !°, This hypothesis was developed in imitation of KEKULE’s oscilla- 
tion hypothesis, but differed from the latter in so far as in the former it 
was also necessary to assume a simultaneous migration of a hydrogen atom. 
Now we can do without this hypothesis. 

Naturally the conceptions here developed can be applied also to condensed 
ring systems; purine may serve as an example. The structural formula, be 
it written with double bonds or with aromatic bonds, enables us to predict 
the existence of two purines, of which one has a hydrogen on nitrogen 
atom No. 7, the other on nitrogen atom No. g. In the cation as well as in the 
anion, for purine too is amphoteric, however, both nitrogen atoms are bound 
exactly alike (and are equivalent) ; therefore it is impossible to prepare these 
two isomeric purines. Therefore also 7-methylpurine and 9-methylpurine are 
completely different substances; their cations are not identical, and because 
of the lack of hydrogen on the nitrogen atom they cannot form anions. The 
following formulas, in which the five electrons of each ring are for the sake 
of brevity represented together, by 5 x, illustrate these relationships: 
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Common cation Common anion 


109 L. KNorR, Ann., 279 (1894) 207. 
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These two cations are not identical. 

The inability of the 7-, or of the 9-, substituted purines to form anions 
explains the difference in the behavior of 2,6,8-trichloropurine on the one 
hand, and of the 7- or 9- methylated trichloropurines on the other hand, when 
they are respectively treated with alkali. The very strongly acid 2,6,8-tri- 
chloropurine,—for the introduction of halogen here, just as in the case of 
imidazole, increases the tendency to split off a hydrogen ion or proton 
(tribromo-imidazole is likewise a very strong acid),—dissolves in alkali 
without any hydrolysis of its chlorine atom taking place; the stable anion 


Sel Nias 
| Cl 





| 

| . 
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permits no attack to be made by the hydroxyl ion bearing the same charge. 
On the other hand, 7- and 9-methyl-trichloropurine cannot form an anion; 
the hydroxyl ion attacks the neutral molecule itself, and enters into an 
exchange-reaction with the chlorine atom in position 8. 

As these, as well as still other examples show, the acid character, which 
in the individual cases may be developed to quite different degrees, is 
due to a hydrogen atom attached to a nitrogen atom. By splitting this 
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hydrogen atom off as an ion, the bonding-state in the nucleus is not changed 
fundamentally, even though a certain change in electron-distribution will 
take place. In the case of pyrrole and indole however, the formation of the 
cation, by taking up a hydrogen nucleus or proton, does require such a 
fundamental change in the bonding state of the ring. Therefore the con- 
clusion !° which one is so tempted to draw,—that the presence of anitrogen 
atom in an aromatic five-membered ring is a necessary prerequisite for the 
acid nature of a hydrogen atom attached thereto,—is not by itself a valid 
one, and is indeed not even actually true. Thus certain, by themselves basic, 
amidines are able to form metal salts, as for example N, N’-diphenyl- 
acetamidine 1!: 


~ = s 
CGH C—CHg 
ZA Am 
C,H,;—N C,H;—N 


Compare in this connection the case of imidazole-silver, 


HC—N—Ag 
| CH 
este 
HC—N 
In contrast thereto, the five-membered ring is the necessary pre-requisite 
for the direct replaceability of the hydrogen atom bound to carbon by an 
alkali metal atom, for this otherwise unusual reaction is necessarily connected 
with a change in the bonding state involving the formation of the sextet 


group characteristic of the aromatic state. 


(tx) SPECULATIONS ON THE CHEMISTRY OF AROMATIC COMPOUNDS 


While it is true that, by means of the notation using the six bonding 
electrons in the ring, the special position and peculiarity of the “aromatic 
state’ in the five- and in the six-membered rings can be emphasized ina 
manner corresponding entirely to that in which it was formerly emphasized 
using the notation of six potential valences, it must nevertheless not be 
forgotten that thereby we know just as little as we knew before as to wherein 
lies the essential nature of the peculiarity of the aromatic bonding. This 
aromatic bonding is emphasized as different from the triply unsaturated 
state of the six-membered ring and the doubly unsaturated state of the 


110 E. BAMBERGER, Ber., 24 (1891) 1763. 
111 E, BAMBERGER and J. LoRENZEN, Ann., 273 (1893) 300. On the basis of this 
observation Bamberger (Ref. 108, p. 378) recognizes the critical remarks made by 


G. CraMIcIAN, Bey., 24 (1891) 2126, on this point. Compare also the remarks at the 
end of Section 4, Chapter V on p. 361. 
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five-membered ting; the compounds in question can however also react 
in the sense of the older formulas with three or two double bonds respectively, 
so that these formulas thereby still retain their practical significance. 

How easily such reactions take place depends on the frequency with 
which the transition from the lowest energy, 7.e. the true “‘aromatic’’, state 
of the molecule into the higher energy and more reactive states,—either 
into a perturbed or distorted ground-state, or into excited states (See 
Vol. II, Chapter XVII), the one more closely related to the ‘‘unsaturated”’ 
compounds,—takes place. The frequency of the transition will be related, 
though not always in a simple way, to the energy-difference between the 
states; it is to be expected that the smaller this difference, the more frequent 
will be these transitions, the frequency depending beyond this also on the 
experimental conditions. 

The various states of which we are here speaking are distinguished only 
by the distribution of the electrons, the “‘fourth C-valences’’, in the aromatic 
ring; while the positions of the atoms with respect to one another, at least 
if we neglect slight differences in inter-atomic spacing, remain the same. 
The various formulas are therefore electromeric, and in so far as they corres- 
pond to the classical notation with drawn-out bonding dashes, they stand 
in relation to one another as limiting formulas, between which there exists 
a state of mesomerism. A satisfactory presentation of this subject can only 
be given later on, on the basis of quantum theoretical considerations as to 
the nature of the chemical bond. (See Vol. II, Book III, Chapter XVII). 

The aromatic state, 7.e. the special activity and behavior of the electrons 
representing the six ‘‘potential valences’’, is influenced by the introduction 
of substituents. This introduction can effect a change in the distribution of 
electrons as well as affect the ease of transition from the lowest energy to 
a more reactive state. Thus the one hydroxyl group in phenol, or the one 
amino group in aniline, causes considerable changes, increases usually, in 
the reactivity of the aromatic ring as compared to its reactivity in benzene 
itself. The formulas can represent these differences just as little as they can 
represent the differences previously discussed (pp. 242 etc.) in the reactivities 
of the simple bond; they are however frequently much more obvious, and 
one has therefore, even though in vain, tried to interpret and represent them 
by means of formulas. 

The same is true, reciprocally, for the effect of an aromatic nucleus on 
the substituents attached to it. It is to this reciprocal effect, which usually 
very strongly affects the reactivity of the substituents, that the many 
peculiarities in the reactions of the aromatic compounds, which justify 
their separate ‘treatment, and which constitute the essential content of 
“ayomatic chemistry’, are due. In comparison with the aliphatic compounds, 
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analogies often appear in the effect of a double bond, and in the effect of 
an aromatic nucleus on the reactivities of functional groups. Examples of 
this are: The acid nature of the hydroxyl group attached to the ring in 
phenol, and of that attached adjacent toa doubly-bonded carbon atom in an 
enol, as well as the corresponding two peculiar reactions based on the ferric 
chloride reaction involving formation of complex compounds; the ready 
hydrolyzability, exchangeability and replaceability of the halogen in com- 
pounds of the type of benzyl chloride, CjH;—CH,—Cl, and allyl chloride, 
CH,=CH—CH,—Cl; the low energy-content of two conjugated double 
bonds in an open chain (p. 588), as well as in a double bond conjugated to 
an aromatic nucleus (e.g. A,-dihydronaphthalene, propenylbenzene, see 
p. 658); the oxidizability of a methylene group attached to a nucleus and 
of one adjacent to a double bond. There are furthermore the special effects 
of aromatic rings, for which there are no examples among the simply 
unsaturated compounds: the ready oxidizability of triphenylmethane, 
(C,H;)3—> CH, to triphenyl-carbinol, (C,H;),=COH, the oddities in the 
behavior of this peculiar tertiary alcohol, strongly reminding one of bases; 
the effects of aromatic nuclei on the stability (rigidity) of the simple C—C- 
bond in ethane, which in the case of hexaphenylethane goes so far as to 
lead to dissociation into two molecules of triphenylmethyl; the di- 
azotizability of aromatic amines and the coupling capacity of the resulting 
diazo compounds; the special peculiarity of the quinoid bonding state ;—it 
is hopeless to try to find formula-like expressions for all of these things. 
Neither a comprehension nor a visualization or representation is possible 
by the use of the primitive aids of the atomic symbols, valence-bond dashes, 
and electron-dots. 

To achieve this a far deeper-going physical knowledge is necessary. This 
has now been attained by way of the quantum theory; by means of its 
help it is possible today to understand the peculiar position and nature of 
the aromatic state, as well as at least some of the effects emanating 
therefrom 1”, (See Vol. II, Book III, Chapter XVII). 


(v) THIELE’S PARTIAE VALENCE THEORY 


Before a comparison of benzene with cyclo-octatetraene had definitely 
shown the significance of the number six for the stability of the ring systems 
of aromatic nature, it seemed for some time as if the relationships between 
energy-content and the reactivities of conjugated, unconjugated, and 
aromatic systems could all be derived from one single suitable conception 
as to the nature of chemical bondings. It seemed as if the whole great 

12 E. HUcKex, Z. Physik, 70 (1931) 204; 72 (1931) 310. 
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complex of problems which covers the energy-poverty of the conjugated 
and of the aromatic systems, the reactivity of the conjugated, and the 
inertness to reaction of the aromatic double bond, could all be understood 
and interpreted on the same basis, that of the hypothesis of partial valences, 
as it was proposed and set up by THIELE. Up to the present, use has been 
made of this hypothesis only to the extent that the formal mode of represen- 
tation based upon it has thereby been brought into relationship with the 
usual modes of expression for the bonding relationships in the chemical 
formulas, such as the valence-bond dash, or the valence electrons. 

While it is quite true that today this hypothesis must be regarded as 
obsolete and superseded, a short presentation thereof will nevertheless be 
given at this point, first of all because the hypothesis of partial valences has 
played an important role in the historical development of organic chemistry, 
and then secondly because in it can be seen most clearly the limits set to 
the primitively visualizable (mechanistic) representations of the chemical 
behavior of organic compounds, and finally also, because this hypothesis 
did nevertheless enable us to foresee somewhat, or hazard a guess, as to 
what has today, though in a somewhat changed form, assumed real shape. 
(Compare already on p. 629). 

In the establishment of his partial valence theory 4, THIELE had not 
only the object of setting up a clearly visualizable mode of representation 
or notation for a particular case of bonding; he was therefore not satisfied 
with simply noting by means of dotted lines the atoms in the molecule to 
which addition could take place, but he wished rather that his formu- 
las should give expression to considerably more than merely the veaction- 
possibilities of conjugated systems. He already indicated this object 
of his by setting out from the isolated double bond. He gives to his 
dotted (or punctuated) lines, which are intended to mark the atoms to 
which addition can take place, a theoretical significance and the name 
partial valences, and finally goes so far as actually to believe that by their 
aid he will be able to penetrate deeper than was formerly possible into 
the secrets of the course of addition-reactions. 

The theoretical meaning of his partial valences Thiele considers the most 
important of all. He does not set out from the old point of view on the 
union of atoms by means of hooklets,—at the time of the establishment of 
the theory of partial valences, 1899, it was not yet realized that this primitive 
concept might nevertheless contain the nucleus of a deeper physical meaning. 
THIELE felt much rather that the bonding capacity of the atoms was given 
by a hypothetical force of affinity, which, in the case of a tetravalent atom 
such as carbon, was effectively divisible into four parts, the four affinities 


113 J, THIELE, Ann., 300 (1899) 87. 
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or valences. It seems that by affinity THIELE understood an energy-contri- 
bution term 4, If now two atoms undergo chemical bonding, it is presumed 
that this force or affinity-energy is used up. It is also possible, however, that 
some of this energy is left over; this residual affinity is assumed to be small 
in the case of simply-bound atoms, on which THIELE expresses no detailed 
opinion, but to be quite considerable in the case of doubly-bound atoms. 
This residual affinity portion, called also a partial valence, is presumed to 
be the condition for the additive capacity of the double bond, and is expres- 
sed by dotted lines, ina manner that reminds one of the pictorial represen- 
tation of a full free valence, the valence dash. 

In the case of conjugated systems, THIELE next assumes an intramolecular 
equalization or balancing of the affinities on the middle atoms, which 
naturally takes place with an evolution of energy, or exo-energetically 
(usually exothermally), so that the conjugated systems. must contain less 
energy than do systems with isolated double bonds,—a prediction which 
was only later on confirmed by actual experience. If the compounds are 
constructed symmetrically, the equalization of affinities should be complete; 
if they are of unsymmetrical structure, then the equalization is presumed 
to be incomplete. The former is the case, for example, for butadiene; the 
latter holds for cinnamic aldehyde. The formulas for these compounds must 
then be written as follows: 


H 

4 

H,C—CH—CH=CH,, C,H,—CH=CH—C=O 
: — : : Pte ae 8 8 Nini 


In the case of cinnamic aldehyde, however, THIELE does not indicate 
in the formula the not quite complete equalization of affinities. On the other 
hand he does write such small partial valences in the case of crossed double 
bonds, in which the partial valences on the atom at the intersection must 
be distributed over two atoms, the partial valences of which they can 
consequently satisfy or saturate only in part: 


Gils 
| 
C=C—C—C=C 


THIELE himself describes this point of view as “already somewhat adven- 
turous”’ (“‘abenteuerlich’’). The novelty in it is that one no longer speaks 
simply of partial valences or atoms with the capacity of adding on, but 
rather an attempt is made to determine quantitative differences in the magni- 
tudes of the partial valences by means of the magnitudes of the residual 
affinity-contributions. 


"4 J. THIELE, Ann., 306 (1899) 92. 
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The manner of reaching the conclusion,—that the saturation of the partial 
valences leads to the liberation of energy,—is applied by THIELE also to 
ring-closed conjugated systems, the only one of which he knew being the 
benzene system. In this case we no longer have any ends and any free 
partial valences, for the latter have the possibility of intramolecularly 
mutual saturation. Consequently, in this case, the reactivity otherwise 
characteristic of conjugated systems disappears, and the stability of the 
molecule appears to be increased. THIELE expresses this by the following 
notation, using as the basis the KEKULE formula for benzene: 





Since presumably no difference is observed in the bonding = and ~ in 
the ring, THIELE also gives a formula with one and one half, or sesqui-valent 
ring-carbon atoms. 

For the condensed aromatic ring systems, THIELE applies his hypothesis 
of the partial saturation of the partial valences, as in the case of the crossed 
double bond compounds, and believes that thereby he can explain the 
reactivity of the «-C-atoms of naphthalene, and of the 9,10-C-atoms of 
anthracene, as shown by the following pictures: 


7 | & : : pies ae 


Naphthtalene Anthracene. 


The notation makes no difference as between convex or concave partial 
valences. 

In the case of naphthalene, the partial valence on 9 is distributed toward 
carbon atoms 1 and 8, that on 10 toward 4 and 5. In the case of anthracene, 
a full valence bond is completely split up into partial valences. 

If we follow the THIELE viewpoints up to this point, and at the same 
time pay no attention to their foundations, we recognize that THIELE did 
accomplish the following: he makes a correct prediction as to the energy- 
content of conjugated systems, and explains on the same basis the already 
recognized stability of aromatic systems. At the same time even the finer 
differences in benzene, naphthalene and anthracene come to the fore. 
Furthermore, he gives visible expression in the formula to the possibility 
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of the 1,4-addition; in the case of symmetrically built compounds this must, 
following him, be the law; for unsymmetrically built compounds, especially 
for systems with crossed double bonds, there remains still also the possibility of 
a1I,2-addition. Especially when, as THIELE says, “‘specific affinity-relationship 
forces” come into play, an unsymmetrical system such as C=C—C=O 
need not act as a unit, as for example with respect to bromine, which has 
no “affinity relationship” to oxygen. The things which THIELE felt it most 
vital to explain, the lower energy-content state of the conjugated system, 
of the aromatic system, and the 1,4-addition reactions, appear in his theory 
as necessarily, logically, and causally, related one to the other. 

In view of the at present known experimental material, it is no longer 
possible to maintain the THIELE viewpoint of the conjugated system. For 
while it is true that THIELE did leave open a few back-doors for the occurrence 
of 1,2-additions, namely the not quite complete saturation of the partial 
valences on the middle carbon atoms, and the specific affinities, these are, 
however, not present in the symmetric systems. And therefore his opinion, 
that Ais formula is the only formula of the conjugated system, can be refuted 
by every single 1,2-addition to a symmetrical system. Such 1,2-additions 
are now definitely recognized in the addition of bromine to diphenylbuta- 
diene, of bromine and chlorine to butadiene (at least in part), and of hydro- 
gen bromide to dimethylbutadiene. Consequently the THIELE formula 
appears to be only one of the possible ones alongside of the ordinary formula. 
It is around this controversial issue that, in the final analysis, the dispute 
between THIELE and KNOEVENAGEL ™ revolved. The latter attempted to 
give an interpretation of the behavior of conjugated systems on the basis 
of atomic movements; in place of these we would today put electron- 
displacements. If we disregard all the physically impossible hypothetical 
scaffolding found in KNOEVENAGEL’s views, then the difference in the view- 
points of THIELE and KNOEVENAGEL amounts to this:—that KNOEVENAGEL 
tried to explain the behavior by a kind of tautomerism, while THIELE 
required a new type of a rigid state of bonding. Experience gained on sym- 
metrically conjugated systems, by means of which THIELE wished to see 
the controversy settled, and which at that time he believed he could make 
use of for his point of view 6, today favors rather the point of view of 
mesomerism, that is, a point of view which in the final analysis is more in 
line with the viewpoints of KNOEVENAGEL 17, 

15 J. THIELE and E. KNOEVENAGEL, Ann., 311 (1900) 194, 241. 

16 J. THIELE, Ann., 311 (1900) 251. At that time THIELE still considered the sole 
1,4-addition of bromine to butadiene as definitely established. 

17 E, KNOEVENAGEL held to the viewpoint that the bonding state leading to the 


1,4-addition reaction was not the normal state, but rather only a transitory state 
appearing during, and leading to, a reaction,— Ann., 311 (1900) 2309. } 
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The electron-distribution in a conjugated system cannot at all, as we 
know today, be reproduced by a formula: just as little can the formula 
give expression to the various possibilities of reaction. The problem as to 
the state of bonding in a conjugated system will again be illuminated in 
Volume II from the point of view of more recent knowledge in the field of 
theoretical physics. THIELE moreover cannot, as he believes he can, by 
means of his formulas express the stability of conjugated and aromatic 
systems. This follows clearly from a comparison between cyclohexatriene 
(benzene) and cyclo-octatetraene. According to the views of THIELE, these 
two substances ought, since they both presumably contain the same states 
of bonding with complete stabilization by saturation of the partial valences, 
to be equally stable: 


GH—cn=cH ~~ cHoicH=cH CHocH Seren © cHicHScnete 
| / = | nae (| and | Jone fhe EZ at 


ie ieOMN. CH CH=CH CHOCO) Chae CH CH. 





The THIELE prediction as to the stability holds in the case of benzene 
itself, but not in the case of cyclo-octatetraene; the latter is in fact just as 
reactive as a conjugated system with an open chain, even though the reac- 
tions do in detail follow a somewhat different course (See p. 670). 

One might be tempted to hold responsible for the reactivity of cyclo- 
octatetraene a “‘tension’’ in the eight-membered ring, or a non-planar struc- 
ture as a difference with respect to benzene. Such auxiliary hypotheses 
stand, however, without any inner relationships to the hypothesis of partial 
valence, and permit one to recognize that in the case of the stability of 
benzene still further moments that lie beyond the scope of this hypothesis 
must also play a role. A real interpretation, which permits one to recognize 
the special position of the group of six electrons in benzene, can only be 
given by means of the quantum theory (Vol. II, Chapter XVII). 

According to the THIELE method of representation, tropolone would be 
formulated as: 
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This formulation would lead one to predict reactivity in the «-position 
and on the carbonyl oxygen atom. This is however not in accord with the 
facts, for the reactions characteristic of ketones do not take place, and sub- 
stitution (especially nitration) leads predominantly to the bg and only 
secondarily to the «-derivative, the position at which the partial valence 
ought to be available. 

Experience gained since the time of THIELE’s first work therefore throws 
the chemist far back in his apparent theoretical knowledge. Whereas according 
to THIELE one could believe that a very simple hypothesis would suffice to 
explain various types of phenomena, that is, to encompass them under a 
single point of view, and to bring them into relationship with one another, 
and furthermore to be able to give expression to energy-contents and re- 
active capacities in a chemical formula, it is now recognized with complete 
clarity that in this matter the pure, or mere, chemist must.practice a 
renunciation of such vaunted ambitions. Jt 7s not possible to extend the 
content of a chemical formula beyond tts strictly structural, chemical, function. 
Remaining as new knowledge is the understanding of a few analogies, and 
the recognition of new types of bonding states. These lead from the states 
of bonding of atoms as represented by the simple and double bonds on 
over to the aromatic type of bond. But it is now no longer the chemist, 
but rather only the theoretical physicist, who must be called upon to make 
predictions as to the stabilities of these states. (Vol. II, Chapter XVII). 

The reason for the failure of the THIELE hypothesis must be sought in 
its very foundations. After he had once realized clearly the fact that bromine 
also adds on to butadiene in the 1,2-position, THIELE himself never again 
came back to these foundations, which he ought really have felt it necessary 
to consider and to wrestle with most seriously. 

By itself the fundamental assumption of THIELE as to the mutual interac- 
tion of the double bonds in a conjugated system, which extends in particular 
to the neighboring, mutually simply-bound atoms, seems to be a very 
sensible and rational one; likewise does the conclusion that a consequence 
of this influence may be a decrease in the additive capacity of the middle 
atoms while the outer atoms retain their additivity. How we may wish to 
clothe this fact into words,—either following THIELE, and using the vague 
concept of affinity, or otherwise,—is of no importance for the fundamental 
conception. It is, however, important in connection therewith, that we are 
able to speak simply and plainly of additivity (or according to THIELE, of 
the affinities of the individual atoms). It would be permissible to leave out 
of consideration the specificity of addition reactions in such a Way, as is 
done here, if the same addition reactions were characteristic for the conju- 
gated systems, as is the case for the simple double bonds. It is, however, 
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tion by means of nascent hyd = vena ie oe 27, vias 

ydrogen,—which is foreign to the reactions of 
the isolated C=C-bond. Since it is now known that this hydrogenation 
consists first of all in the taking up of two electrons, the difference between 
the conjugated system and the isolated double bond seems to consist 
basically in a difference in their electron-affinities: The isolated double bond 
cannot absorb or add on electrons, has hence no electron-affinity, while the 
conjugated system possesses a considerable degree of electron-affinity. The 
specific difference of the reactive capacities is then in this case of a polar 
nature. (Compare pp. 640, 641). The THIELE formula, however, takes and 
gives no account of such a change in the specific additive capacities on 
passing over from the isolated double bond to the conjugated system "8, 
Conversely, however, the addition reactions characteristic of the simple 
double bond, such as the additions of bromine and hydrogen bromide, 
take place in the 1,2-position, a fact at first not yet known to THIELE. The 
impossibility of gaining an understanding of the relationships in the beha- 
vior of the isolated and the conjugated double bonds, from the simple 
considerations of THIELE, had to be recognized the moment it was found 
that, here too, the specificity of addition reactions is essentially important. 
For, as already mentioned, the neglect of this circumstance is the prerequisiie 
for carrying out THIELE’s considerations and line of argument. 

It is perhaps in this fact that we must seek the inner basic reason for 
THIELE’s failure later on ever again to speak of his theory, for he would 
have to have dropped the essential parts of his fundamental assumptions 
and axioms without being able in any way to put anything else in their 
place. The interpretation of the unity of the relationships which he sought 
became possible only most recently, and by means of the quantum theory,— 
that is on the basis of a very deep-going physical knowledge. In the meantime, 
however, other investigators, who did not bother themselves about the fown- 
dations of the THIELE hypothesis, did very luxuriantly develop this hypothesis 
further in certain already mentioned directions, only briefly indicated by 
THIELE, and in which it—by a really proper evaluation of the foundations— 
was really not at all capable of further development! For all these considera- 
tions take no account of the peculiar specificity of chemical affinity. Since, 
however, these developments have received wide circulation, and have 
often times been looked upon as a logical further development of the 
THIELE theory, it is necessary to discuss them briefly at this point. 


1188 The KNOEVENAGEL concept does do this however, for, according to it, free 
valences do appear transitorily in the phenomenon of tautomerism, somewhat similarly 
to the case of the modern formulation of mesomeric formulas with electron bondings, 
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As follows from the lines of thought of THIELE himself, as given on 
p. 697 above the first time, THIELE uses the indefinite concept of affinity in 
such a way as if he were dealing with the property of an atom or of a mole- 
cule, such as the mass: In the case of a chemical reaction a part of the affinity 
is considered to be used up, while another part remains. Because of the 
specificity of affinity, however, one must speak of affinities only in connec- 
tion with reactions, but not simply of the affinities of certain atoms or 
molecules. Therefore also there is and can be no measure for the affinity of 
an atom ora molecule as such. For it may happen that an atom ora molecule, 
A,, proves itself to be very reactive with respect to the reagent B, but very 
inert with respect to the reagent C, while for another molecule, A,, just the 
converse is true: If then we make our measurements with B, then A, has 
much, and A, has little, affinity, while if we measure with C, just the opposite, 
A, has little, and A, has much, affinity. 

THIELE carries out the scheme of subtracting the “used up”’ affinities 
for the case of conjugated systems: The middle atoms mutually saturate 
their partial affinities; consequently nothing remains available for addition 
reactions. So long as we wish to see in this manner of speech nothing other 
than an expression to the effect that the mutual influence will reduce the 
additive capacity,—which a priori appears entirely possible,—nothing can 
be said against it. Because of the ‘“‘concept’’ of affinity contained there-in, 
however,—which in this form is really not a true concept at all,—this man- 
ner of speaking leads, or tends to lead, one astray to a schematic generali- 
zation, such as THIELE himself finds adventurous and foolhardy in the case 
of the crossed double bonds, and one which is in fact not permissible. It is 
not valid to say: This atom has much, that atom has little, affinity ; where we 
have much affinity we shall have a rapid reaction, where little, a slow 
reaction. Numerous examples may be cited to illustrate the incorrectness 
of this statement, which was also expressed in simiiar form by WERNER in his 
“Doctrine of variable affinity-values of chemical bonds’ 49, The whole method 
and manner of treating the subject is invalidated by the specificity of addition 
reactions. At this point we shall give space to consider only two examples. 

In carvone the conjugated system is attacked by nascent hydrogen, 
while on the other hand the isolated double bond is left completely intact. 
According to this the atoms of the conjugated system would have the 
greater affinity. On the other hand, catalytically excited hydrogen adds on 
to the isolated double bonds more rapidly. (Compare pp. 616, 631). 

Enols and enol-ethers add bromine, as K. H. MEYER has found 12°, much 
more rapidly than do other unsaturated compounds; very often, therefore, 


9 A. WERNER, Ber., 39 (1906) 1278. 
20 K. H. MEYER, Ann., 398 (1913) 66, 
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one spoke of a particularly active double bond with especially large partial 
valences in the enols, and hence believed, without any experimental proof, 
that one could consider addition reactions which were never otherwise 
ees es as possible in their case, as for example the addition of CHI in 
MICHAEL s theory of the alkylation of acetoacetic ester, as discussed on 
p. 369. Now, however, with respect to another reagent, 7.e. catalytically 
excited hydrogen, we find several degrees of reactivity. Simple enol-ethers 
differ in no wise from other unsaturated compounds as regards their rate 
of hydrogenation 11, but on the other hand the more complicated ones may 
be hydrogenated with extraordinary slowness !2", so that such enol ethers 
have sometimes been considered to be saturated compounds. This latter 
conclusion is just as unjustified as it is to consider the failure (negative 
result) of the BAEYER alkaline permanganate test in the case of some 
hydrocarbons as a definite proof of saturated character. 

The great success that the partial valence hypothesis of THIELE enjoyed 
is due to the fact that it permitted one to draw far-reaching conclusions 
on the basis of rather primitive concepts, and that these conclusions were 
susceptible to experimental verification. It gave therefore an inducement, 
as does every genuine hypothesis, to prove or to reject various concepts, 
without requiring one to bother about the nevertheless easily handled 
theoretical foundations. As it was found more and more in the course of 
time that the theory failed in some most important points, it is remarkable that 
one did not first think of considering more critically the exceedingly simple 
fundamental assumptions of THIELE. This was probably the case because the 
theory was without any doubt also able to make some correct predictions. It 
was believed, rather, that by a suitable development of the THIELE hypo- 
thesis one might arrive at a theory of organic chemistry that would encompass 
quite generally the relationships between energy-content and reactivity. This 
hope was, however, not fulfilled, and can never be fulfilled, because the THIELE 
hypothesis fails to take any account of the important point of the specific 
reactive capacity. Where-ever THIELE himself had to take into account 
this fact, it stood as given by experience, outside the field of his theory. 

The real object toward which THIELE strove, the theoretical under- 
standing of the relationships mentioned, was, up to the year 1930, 
just as distant as it was in the year 1899 when THIELE proposed his 
hypothesis. And even now we have, fundamentally, progressed no further, 
even when we make use of the formal electron theory of valence, than were 
KreKuLé and LoTHAR MEYER, 90 years ago back in 1865, when they 
proposed their respective formulas for the benzene ring. As the most im- 


121 F{, WIELAND and P. Garsscu, Ber., 59 (1926) 2490. 
122 W. BoxrscHE and W. Peirzscu, Ber., 62 (1929) 363. 
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portant result of the THIELE theory, we must point to the fact that it led 
to the collection and assembling of a vast amount of factual data systema- 
ticaliy gathered, from a unitary point of view, and covering the fields of 
both the unsaturated and the aromatic compounds. From this material it 
has been possible to deduce empirically a large number of reationships, 
but these cannot be, as THIELE had intended, interpreted from a single 
theoretical point of view. . 

Nevertheless it must be emphasized that by his concept of the division of 
individual bonds into partial valences, Thiele did in a certain way come early 
to a conclusion which is today recognized in another form, that certain bonding 
electrons need not occupy any fixed positions on the molecule, but that they 
can rather spread themselves, or rather their positions, over several bonding 
valences. (Compare p. 629, also Vol. II, Chapter XVII). 

The realization of the fact that so comprehensive-appearing a theory, 
and an at first so successful-seeming a theoretical path, had to be aban- 
doned, was so depressing that one simply did not wish to believe it, or have 
it thus true. Added to this was the fact.that in another direction too in 
which THIELE had tried to make the theory useful to science, it failed, and 
led no further, but here again one was not really ready openly to acknowl- 
edge this failure of the theory. 

THIELE indeed believed that by means of his theory he could penetrate 
deeper into the course of reactions than this had formerly been the case. 
The partial valences emanating from the doubly bound atoms were assumed 
to be the forces that attract and hold fast other molecules; the molecular 
compounds thus obtained then undergo a “‘flipping over’ of the valence 
bonds, leading to the formation of the normal, saturated compounds. The 
process of addition is presumed then, corresponding to this ‘‘snapping in” 
and “‘flipping over’, to take place in two steps, pictorially represented as 
follows: 

eee H,C---Br H,CBr 
|| +Br, —> | — | 
H,C--- H,C--+-Br H,CBr. 


(“The bromine at first demands the. partial valences, and then the total 
affinity’’.) 

This picture does not yet, however, explain anything, but only sets up 
the hypothesis that the addition reaction takes place by way of intermediate 
states. This hypothesis is subject to experimental proof only if we assume 
that the states described by the picture can at least in some instances be 
isolated as such. But even if it were found that ethylene and bromine could 
yield a molecular compound at very low temperatures, this could not on 
critical consideration be taken as a proof that this particular molecular 
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compound actually forms or constitutes an intermediate step in the addition 
reaction (See p. 713). That the partial valences do not explain the addition 
reactions, but only describe them hypothetically, is recognized by ERLEN- 
MEYER '°8, who directs his criticism against this point of the THIELE theory: 
ERLENMEYER, however, makes the mistake that he wishes to see use made 
of another, but no better, “explanation”, proposed by KeEkulk, for the 
course of chemical reactions. 

This explanation of KEKULE is based on experimental evidence just as 
little as is the concept of THIELE, but corresponds, as does the latter, rather 
to the desire and requirement that the as yet unrecognized chemical process 
or mechanism during the reaction be pushed back further, to as distant a 
point as possible, and to set up between the chemical formulas of the initial 
substance and the final product of the transformation yet another state 
that can be expressed in terms of formulas, simply because one does not 
wish to admit that the limits of expression of the formulas have already 
been reached in the formulas for the complete initial and final molecules, 
and that one actually knows nothing as to the real mechanism of the reaction. 
In many reaction-mechanisms constructed by means of formulas, based 
partly on the pictures and concepts of THIELE, partly on those of KEKULE, 
we find expressed the same tendency, unconsciously to veil and camouflage 
the point, but never openly to admit the fact that one has reached a point 
beyond which one does not at the moment know how to go further. 

KEKULE 14 conceives of the course of a reaction between two molecules 
as represented pictorially by the following scheme: 





QO 
Q@ O QO 
Q@ O QO 
before during after the reaction. 
a b ab ab 
ay by ay by a,b, 


KEKULE makes no special assumption regarding the intermediate state 
during the course of the reaction; he leaves two possibilities open: 

‘In the majority of cases, the force which induces the side-by-side 
addition of the molecules will also bring about the dissociative-decomposi- 
tion”. This means that the intermediate stage is only transitory, it must 
therefore contain considerably more stored energy than is the case for 
the ordinary molecules, which are stable for longer periods of time. 


123 E&, ERLENMEYER, Jr., Anmn., 316 (1901) 43. . 
124 A KEKULE, Ann., 106 (1858) 141; Lehrbuch dey Chemie to TA Ze compare also 
Van ’t Horr, Ansichten iibery die organische Chemie (Viewpoints on Organic Chemistry) 


[, (1881) 225, 244. 
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“Tt is, however, also conceivable, and such cases are known, that 
the affinity of the atoms belonging to the various molecules does indeed 
induce the addition of the molecules, but not, at least under the same 
conditions, the dissociation of the groups of atoms thus formed into two 
molecules.” 

“Of particular interest are therefore those cases in which the intermediate 
step, the addition-product of the molecules, remains stable, but can be 
decomposed to its end-products by an arbitrarily (humanly) controlled 
change in the experimental conditions.” 

In the latter case the reaction is then split up into two steps, of which 
the latter is a monomolecular auto-decomposition of a single molecule. 
This does not, however, lead to any simplification in our conception of the 
chemical processes, for the auto-decomposition of a szmgle molecule, —a 
monomolecular reaction,—is by itself at least as great a riddle or mystery as 
the course of a reaction between two molecules, a bimolecular reaction. 
Indeed the KEKULE picture tells us essentially nothing as to the details 
of the reaction-mechanism except only this much,—that during the 
exchange of the bonds the molecules must be in the greatest proximity 
to one another. This is, however, a self-evident fact, unless we wish to 
make the assumption of a “chemical action at a distance’’!!”° Only the 
explanations and interpretations offered by KEKULE as to the two possible 
kinds of intermediate states first give to the picture a content going beyond 
this already self-evident fact. 

For a long time the second of the possibilities considered by KEKULE, 
the hypothesis of addition-compounds as intermediate steps, was held to 
be the only correct one #6. At the same time the intermediate steps were 
formulated either with the usual valence-dashes, or they were written as 
molecular compounds with the aid of the THIELE partial valences. In only 
the very smallest number of cases, however, were real proofs offered for the 
reaction-courses that were assumed, and expressed in terms of the formulas. 
The limits that are set to chemistry both in the analysis, as well as in the 
formulation, of the courses of chemical reactions will be shown in the 
following chapter. 


6 “Chemical action at a distance’’ of another kind is of course possible from the 
photochemical action of radiation emitted by a system A on another system B. 

6 This tendency is indicated already in KEKULK’s textbook, especially on p. 144, 
where he speaks of the ‘‘self-decomposing molecules’. He means here that the states 


; 2 a b 
pictorially represented by a,b, Were to be compared directly to the ordinary molecules. 


See furthermore H. WIELAND, Rec. Trav. Chim., 41 (1922) 576; F. EBEL, Ber., 60 
(1927) 2085. 


CHAPTER X 


COURSE OF CHEMICAL REACTIONS 


(1) REACTION VELOCITY AND THE COURSE OF CHEMICAL REACTIONS 
AS A FUNCTION OF TIME 


It is of great importance for the study of the course of chemical reactions 
to know not only the nature of the material changes undergone by the 
substances involved, but to know as well something of the course of the 
reaction as a function of time, the time-course, or order and rate, of the 
reaction, for both of these give valuable indications as to the chemical 
course taken. The time-course of a reaction is, as can be predicted theoreti- 
cally, quite a different one depending on whether the reaction is a mono- 
molecular, a bimolecular, or a trimolecular process. Under suitable assump- 
tions, simple laws may be derived for each of these cases. By following 
the time-course of a reaction, it is therefore possible in many cases to 
determine the so-called order of the reaction. 

The time-course of a reaction can be followed quantitatively by deter- 
mining the amounts of the unchanged substances as well as those of the 
substances formed. For reactions that do not proceed too rapidly, these 
amounts can readily be determined experimentally as functions of the time. 
The knowledge of these functions, and of the magnitudes contained therein, 
is therefore indispensable for a deeper insight into the course of a reaction. 
The first problem is then to determine experimentally the changes im the 
amounts of the various substances as functions of the time, and to formulate 
these theoretically. As a measure of the amount of a substance we use the 
concentration c of the substance expressed in moles per unit of volume. 
The changes in the concentrations of the other substances participating 
in the reaction are simply, clearly, and uniquely related to this concentration 
c by means of the stoichiometric relations expressed in the reaction- 
equation. If we choose to describe the reaction in terms of the concentration 
c of one of the initial substances, then the value of c will decrease continually, 
and the function representing the time-course of the reaction at any moment 
assumes the value —dc/dt. The magnitude given by this value is called 
the velocity of reaction, by analogy to the mode of expression used in 
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mechanics, where the change in position as a function of the time is measured 
by the velocity ds/dt. Accordingly also, the doctrine or theory of pipe reactions 
velocity is known as chemical dynamics (doctrine of chemical ‘‘force’’), or 
as chemical kinetics (doctrine of chemical ‘“‘motion’’). Furthermore, when 
speaking of a certain direction of a chemical transformation we refer to 
a reaction ‘‘path”’, “course”, or “way”. 

This choice of the same type of terminology must not however mislead 
us to apply similarly the laws that govern the velocities of mechanical 
processes to the reaction-velocities, for, as will be shown below, in these 
two cases the two terms that are related to the time are quite different ones, 
and further, the functions expressing these relations are quite different. 
From the last statement it follows that the attempts that have been made 
to treat alike such magnitudes in mechanical and chemical kinetics as are 
expressed by similarly designated relationships are mistaken attempts. In 
spite of this, such assumptions have been made repeatedly by various authors 
in their papers, and efforts have been made to develop them further. Such 
an, in fact entirely superficial, analogy is assumed in the formerly oft-written 
expression ?; 


Velocity of reaction = chemical force/chemical resistance ; 


in which the course of a reaction is compared to the flow of a liquid or of 
an electric current. In the same way, following OSTWALD, one has compared 
the change in reaction-velocity effected by the addition of catalysts, which 
has been called velocity-acceleration, with the increase in velocity effected 
by a lubricant on a body sliding with friction down an inclined plane, 
while the action of the catalyst itself has been compared with that of the 
lubricant. It may be pointed out at once that all such modes of thought are 
completely worthless for the further development of chemical kinetics. 
Chemical kinetics has been developed directly rather on the basis of the 
functional relations between the velocity of reaction and the concentration, 
as will be discussed below. 

The laws that have been found for the time-course of chemical reactions, 
provided certain assumptions as to the state of the system are satisfied, 
can be expressed in terms of simple functions, which in their turn can be 
derived on the basis of simple assumptions. The conditions which must 
therewith be fulfilled are the same as those under which the equations of 
thermodynamics become especially simple :—The substances must be present 


* Cf. e.g. W. NERNst, Lehrbuch der theovetischen Chemie 
phystkal. Chem., 111 (1924) 106. SKRABAL only replaces the term chemical force by 
the term ‘‘chemical tendency”’’, and chemical resistance by “‘kinetic resistance’, The 


important thing is, however, not this terminolgy (names), but rather the way in which 
the chemical force is defined, 


: also e.g. A. SKRABAL, Z. f. 
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in the gaseous state or in a dilute solution; furthermore, the reaction must 
take place in a homogenous phase. While it is true that simple expressions 
are also frequently found experimentally for reactions occurring on a phase- 
boundary, their theoretical treatment is much more difficult. The form of 
the function, as determined first on the basis of actual measurements, 
depends on the number of, and kinds of, interacting molecules. The various 
orders of reactions are therefore distinguished by different forms of equations, 
each distinct and characteristic of the functional relationship between the 
reaction-velocity and the time. 

(1) For reactions of the first order, or monomolecular reactions, such as, 


7 CH 
(a) Isomerizations A —> B, e.g. H,C———-CH, —» CH,—CH=CH,, 


(b) Decompositions A —> nB., e.g.I, — 2l, 


the velocity of reaction is proportional to the concentration of A. 
The differential law is 
dc 


ve hae = ke. 


The integral form of the law is 


l 
a In a ; 
ta—t, Ca 





where c, and c, are the concentrations of substance A at the times ¢, and fy 
respectively. 
(2) For reactions of the second order, or bimolecular reactions ; 


(a) Addition reactions A + B— C; eg. C,H, + Cl, —> C,H,Cl,; 
or Polymerizations A + A —>B; e.g. 21 — I. 
(b) Exchange reactions A + B—>C+D; e.g. CH,+Cl, —» CH,Cl1+HCl; 


the velocity of reaction is proportional to the product of the concentrations of 
A and B, (or A), 1.e. c’ and c”. The differential law is, 


— = ke’ -c": 


t 


and the integral law, when simplified for the special case when equivalent 
amounts of A and B are used, 7.e. for c’ = c”, 1s, 


I I I Cy’ — Cy’ 
Bet, elon a x Gh, 
(3) Reactions of the third or higher orders, the tri- and polymolecular 
reactions, obey correspondingly similar differential laws, but the expressions 





_ ebtained on integration are quite complicated functions. Fortunately, true 
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trimolecular reactions occur only relatively rarely, tetra and higher poly- 
molecular reactions probably not at all. as. 

The case of a reaction of zero order, in which the velocity of reaction is 
constant during the entire course of the reaction, does not occur in reactions 
that take place in a homogeneous system. It is, however, frequently observed 
for reactions that take place on a phase-boundary. 

The form of the differential laws shows very clearly that the reaction- 
velocity equations cannot be treated formally like the velocity-equations 
for mechanical processes. Let us consider, for example, the equation for a 
reaction of the first order and that for a freely falling body, for both of 
which the functions for the reaction-velocity = f (¢), and the space-velocity 
— F (t), are especially simple. We have, 

=2 = ke and v =< = grt. 

The reaction-velocity is proportional to the magnitude c, present as a 
differential in the numerator of the differential quotient or derivative; the 
space-velocity for free fall is proportional to the magnitude ¢, the differential 
of which is in the denominator. 

The theoretical justification for the assumptions mentioned for the reac- 
tion-velocities of reactions of various orders, which can only be hinted at 
here, can easily be given on the basis of the kinetic theory of gases. According 
to this the number of mechanical collisions of the molecules per unit of 
time is proportional to the concentration of the substance. Assuming that, 
independently of the concentration, the same fraction of the collisions is 
successful, 7.e. leads, as a consequence of a suitable disturbance produced 
in the colliding molecules, to a chemical reaction, the amount of substance 
dc transformed in an element of time dt is then also proportional to the 
concentration. For reactions in which a collision is followed by the annihilation 
or destruction of several molecules of the initial substances, the result is a 
proportionality between the product of the momentarily prevailing concen- 
trations and the number of successful collisions. If only one initial substance 
is present, as, for example, when two molecules unite to form a molecule 
of double the molecular weight, then the number of successful collisions 
is proportional to the square of the concentration. 

The theory as so formulated also gives us the significance of the magnitude 
k, the reaction-velocity constant, found in the equations. This constant appears 
as a measure of the frequency of successful close-up, or contact, effects. 
The reason it may be set as only proportional rather than as equal to the 
number of mechanical collisions is given by experience; if each collision as 
calculated from the kinetic theory of gases were actually followed by a 
transformation-reaction, all chemical reactions would, except in the case of 
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very low concentrations of the reacting substances, occur immeasurably fast 
In reality, however, many reaction-velocities are of measurable magnitude, 
and show a marked dependence of the magnitude of k upon the nature of 
the substance. These important theoretical relationships between reaction- 
velocity constant and chemical constitution will be treated at another time 
(Vol. II, Chapter XVIII and later). 

Here the important concept should be remembered that the experimental 
following-up of the change in the reaction-velocity with the time gives us 
a means for determining the number of (different) molecules reacting with 
one another; one sees by means of which integral law a reaction-velocity 
constant can be calculated. The number of molecules so determined does 
not, however, always agree with the number contained in the empirical 
stoichiometric equation for the reaction; the order of reaction to be expected 
on the basis of this equation is by no means always confirmed by experiment. 

This may be due to any one or more of several causes. For one thing, when 
one of the reacting substances is present in great excess, the time-law for 
bimolecular processes goes over practically into that which holds for mono- 
molecular processes. The best-known example of this kind is that of the 
inversion of cane-sugar, which, according to the empirical equation, 
C,oH.0,, + HzO = 2C,H,.0¢, should proceed according to the bimolecular 
law, while it actually proceeds according to the time-law for a monomolecular 
reaction. That is due to the fact that the concentration of the water, which 
is present in great excess, remains practically constant during the course of 
the reaction. The time-law for a reaction of first order is therefore not a 
binding proof that the course of the reaction is really monomolecular. So 
long as it has not been proved on the basis of special considerations and 
experiments, a reaction of first order must not be identified as being mono- 
molecular; the former can be determined essentially by experiment alone; 
the latter must yet be justified and founded theoretically. 

A further reason for disagreement between a reaction-order found and 
the reaction-equation may often be sought in the fact that the usual equa- 
tions reproduce and represent only the initial and the final states of the 
system considered, whereas in reality a chemical reaction proceeds via 
intermediate stages. The reaction originally considered is then recognized 
as the sum-resultant of a series of successive reactions, and one speaks in 
such cases of a stepwise reaction. The actual material isolation of the inter- 
mediate products can be effected only if they possess a sufficiently long 
half-life. The detection of such intermediate stages may succeed, however, 
also by application of the so-called capture-method (p. 443); 7.e. the inter- 
mediate product is “captured” by addition of some substance which reacts 
with it more rapidly than it would itself undergo transformation in the 
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normal course of the reaction. This will be discussed more completely 
further on. 

In the case of such a stepwise reaction the velocity of reaction observed 
is determined by the velocity of that step of the reaction series which 
proceeds most slowly, and the corresponding & is obtained from these 
measurements, provided that the velocity of this step is considerably slower 
than that of all other steps. If, on the other hand, the velocities of several 
steps are not markedly different from one another, it is usually no longer 
possible to calculate a reaction-velocity constant corresponding to any 
definite order of reaction; in some cases one may be able, by measurements 
made using various (relative) amounts of the starting materials, to disen- 
tangle the course of the reaction. 

Such a kinetic analysis must be complete; it is not sufficient merely to 
determine the order of the reaction. If, for example, a monomolecular 
reaction C —> D is preceded by a rapidly established equilibrium A + B=C, 
then the complete reaction may appear to be of either rst or 2nd order 
depending on the position of this equilibrium *. It was in this way that 
TRAUTZ? believed he was able to show that the reaction, 2 NO + Cl, = 2 NOCI, 
proceeds via the formation of NOCI], as an intermediate product. 

Because of the possibility of the stepwise course of a reaction which would 
not be evident from the empirical equation, the determination of a definite 
simple order of reaction often leads no further unless one has some sort of 
indications as to what may be the nature of the intermediate steps. Since 
this point has often not been sufficiently well taken into account a number 
of conclusions as to a certain course of a reaction have been drawn rather 
hastily. Here let us only point out the case of the already several times 
mentioned (pp. 303 etc.) bromination of acetone. Since this reaction proceeds 
according to a first order law, a bimolecularly proceeding substitution 
according to the equation, 


CH;—CO—CH,+ Br, = CH,—CO—CH,—Br + HBr, 


is definitely excluded. However, the oft-made assertion, expressed with 
great confidence, that it is the enol form resulting from a monomolecular 


* Compare A. Prins, Rec. Trav. Chim., 51 (1932) 576. The example here given, 
2 NO + Cl, —> 2NOCI1 

(See M. TRautz and H. ScuLveETer, Z. anorgan. Chem., 136 (1924) 1; also M. TRAvTz, 
Ft anorgan. u. allgem. Chem., 104 (1918) 174; also Lehrbuch der Chemie TT, Pores 
who believed this reaction proceeded via NOCI, as an intermediate product), cannot 
be used because the reaction is not a truly homogeneous gas reaction. See E. M. Stop- 
DARD, J. Chem. Soc., (1940) 823; also I. WELINSKY and H. A. TAYLor, J. Chem. Phys., 
6 (1938) 466, For the numerical evaluation of the kinetics of the stepwise reactions 


see A. SKRABAL, Homogenkinetik (Homogeneous Kinetics) in Die chemische Reaktion, 
Vol. 5, Dresden, Leipzig, 1941. 
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reaction that is brominated, cannot be regarded as proved, for other inter- 
mediate steps that could then react further in a monomolecular way are 
also conceivable °. 

How difficult a kinetic analysis becomes in certain cases that seem to 
be very simple on the basis of the reaction-equation may be illustrated 
by EBEL’s calculations * on the example of the reaction between aniline 
and para-toluenesulfonyl chloride in ether solution. The empirical equation 
for this reaction is: 


C,H,SO,Cl + 2C,H;—NH, = C,H,SO,—NH—C,H, + [C,H;—NH,|]Cl. 


One might easily suppose that the reaction proceeded via a step-wise 
reaction consisting of a slow, primary, bimolecular reaction, 


C,H,SO,Cl + C,H,;—NH, = C,H,SO,—NH—C,H, + HCl; 
followed by a second, but relatively rapid, bimolecular reaction, 
C,H;—NH, + HCl = [C,H;—NH,]Cl. 


This was, however, not confirmed; rather it was found that a complex 
compound, 

C.H,S0,Cl* 3G, Hi NH, 3; 
probably formed by a series of relatively rapid stepwise reactions, is formed 
as an intermediate. 

By means of such analyses * it has been found and established that many 
reactions which appear from their empirical equations to be ¢77-molecular 
processes, are really only the consequences of a series of successive bimole- 
cular reactions; and that reactions of higher than the trimolecular order 
(probably) do not occur at all. 

This can also be well understood from the standpoint of the kinetic 
theory. For on the assumption of a “‘collision time’, not to be further 
justified or explained at this point, of 1o- to 10 seconds, (time for mole- 
cules to travel compressible fractions of their own diameters) it is found that 
true triple collisions are rare, while the appearance of four or more molecules 
simultaneously at any one point will occur only with a vanishingly small 
probability. 

The kinetic analysis of the transformations of organic compounds is for 
several reasons subject to special difficulties, as a result of which such an 


8 Compare also F. ARNDT’S interpretation of enolization via intermediate steps as 


given on p. 336. 

4 F. EBet, Ber., 60 (1927) 2079. 

4a For the formulation of the complexes see: B. E1IsTERT, Chemismus und Konstitu- 
tion, p. 231, F. Enke-Verlag, Stuttgart, 1948. ; 

5 For the mathematical calculation of intermediate-product reactions from reaction 
velocities; see A. SKRABAL, Monatsh., 64 (1934) 289; 65, 275; 66 (1935) 129; Z. Elek- 


tvochem., 42 (1936) 228. 
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analysis has heretofore been made only in a vanishingly small number of 
cases as compared to the total number of organic chemical reactions. In 
the first place, all such reactions as do not occur in dilute solutions must be 
excluded, also such as occur in heterogeneous systems (such as the aluminium 
chloride syntheses, reductions with tin, zinc, or iron, and acid). A further 
difficulty is that many of the reactions of organic chemistry do not actually 
proceed practically uniquely in a single direction, but are accompanied by 
side-reactions which use up the very substance by the changes in the con- 
centration of which one wishes to determine the reaction-velocity of the 
principal reaction. Furthermore, the possibility of concurrent and competing 
reactions is important for an evaluation of the significance of the products 
of reaction found for the course of the reaction studied. All too frequently 
enough, some such products have, without sufficient evidence, been assumed 
to be intermediate products, and a course of reaction, also naturally of 
course unproved, has been constructed as based thereon. 1t has been especi- 
ally as regards the interpretation of molecular and addition compounds, as 
intermediate stages in chemical reactions, that one has felt too confident, 
for the possibility of their formation as a result of concurrent competing 
reactions has been left out of consideration. 

The formation of molecular compounds, as all more or less stable addition- 
products will be called in what follows, may just as well be the result of a 
concurrent reaction running independently alongside of a direct exchange 
substitution-reaction as an intermediate step in an indirect, i.e. stepwise, 
substitution-reaction with which it will then be necessarily connected. It is 
even conceivable that both possibilities are realized simultaneously, and 
that the observed end-product is the result of two concurrent reactions 
proceeding via different routes, but arriving at the same end-point products. 
This may be seen from the following reaction scheme: 


A+B =@ (AB) 2 C+D Stepwise reaction 
Molecular compound 


(AB) @ A+B 2 C+D Concurrent reactions. 


It 
A+B <= (AB) Two concurrent reactions ; stepwise reaction (II —> ITI), 
I rN fy III and direct substitution-reaction (I). 


C+D 


Whether or not one can isolate as such a molecular compound, provided 
it exists in the case investigated, depends on the ratios of the velocities 
of the transformations on the various reaction-paths, which, as may be 
remarked parenthetically, change with the temperature. Later on it will 
be explained and made clear (Vol. II, Chapter XVIII) why the formation 
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of molecular compounds takes place relatively rapidly as compared to the 
other transformation-reactions; naturally, though, this rapid formation 
indicates nothing as to the significance of the molecular compound as an 
intermediate stage of the reaction. 

As an example of the impermissibility of the oft-used mode of concluding 
as to the significance of molecular compounds as first steps in chemical 
reactions, let us consider the case of the bromination of camphor ®. At low 
temperatures camphor and bromine unite to form the molecular compound, 
CyoH,, O - Br, %, which at room temperatures exerts a considerable partial 
pressure of bromine, 7.e. is in equilibrium with products of its decomposition 
(dissociation). If this molecular compound is heated in a closed tube to 
100° C., 7.e. under conditions such that the bromine cannot escape, mono- 
bromcamphor, C,,)H,,OBr, and hydrogen bromide are formed. This is 
regarded as evidence that the addition-product is the first step of the 
substitution-reaction. The following explanation is, however, just as simple 
and as justified. At ordinary temperature the molecular compound is formed 
rapidly, the substitution (direct) proceeds immeasurably slowly. At 100°C, 
even under high pressure, the molecular compound is largely dissociated ; 
the velocity of the substitution-reaction has become greater, and direct 
substitution results without the molecular compound, which perhaps has 
even practically ceased to exist, having any significance whatever for this 
process. 

That the formation of molecular compounds may in certain cases have 
nothing whatever to do with a substitution or addition process has been 
shown recently by the example of some aromatically substituted ethylenes 8. 
Thus, for example, at —78° C, «, «-di-biphenylethylene unites with bromine 
to give a green molecular compound stable at —78°:— 

Gi CH 2)>0 = CH Bry, =" (C,H;—C,H,),5C = CH, Br. 
Similar products are obtained from «, «-di-biphenyl-$-bromo-ethylene, 
(C,H;—C,H,—), =C=CH Br, and also from tetraphenylethylene, (CgH;).> 
C=C<(C,H;)s, which cannot form a dibromide by normal addition. It has 
been possible, furthermore, to prove that the molecular compounds with 
bromine do not possess a salt-like nature (Compare, however, the salt-like 
perbromides from #-dimethylamino-«, «-diphenylethylene, p. 761) and 
can also not be considered as the first stage of an addition-reaction. This 
is of significance in respect to THIELE’s views on the course of additions to 


double bonds. (See p. 702). 
Most of the older proofs for the significance of addition-compounds for 


6 G, REDDELIEN, J. prakt. Chem. [2], 91 (1915) 221. 
7 A, LAURENT, Compt. Rend., 10 (1840) 532; Ann., 48 (1843) 251. 
8 W. BocKEMULLER and R. JANSSEN, Ann., 542 (1939) 160. 


714 COURSE OF CHEMICAL REACTIONS Xx 


the course of chemical reactions, especially of substitution-reactions, are 
of the same kind 9 as that just pictured above for the bromination of camphor. 

By this we wish to say only that these attempts, heretofore regarded as 
proofs, cannot, at least in the form in which they have been used, be 
regarded as proofs. This does not, however, in any way imply a denial of 
the possibility that in a number of cases reactions may actually proceed 
via molecular compounds as intermediate steps. 

In order to come to a definite decision it would in each case be necessary 
to try to make a complete kinetic analysis. Simce such can, however, as 
already mentioned, only very rarely be carried out with a sufficient degree 
of accuracy for organic chemical reactions, it will be shown in what follows, 
on a few more especially well-known reactions, in how far, and with what 
degree of certainty, one can arrive at conclusions without such a complete 
kinetic analysis, but yet based on a careful comparison, as based on con- 
clusions from analogy , of the relations between the reaction-velocities. 


(12) DIFFICULTIES INVOLVED IN PROVING THE COURSE TAKEN BY 
CHEMICAL REACTIONS 


Reference has already been made several times 1° to the difficulties of 
establishing really incontrovertible proofs for the very plausibly constructed 
courses taken by chemical reactions, even when for reasons of analogy these 
courses of reactions seem very probable. In particular was this the case 
in the attempts to penetrate as deeply as possible into the course taken by 
intramolecular rearrangements. For here one was forced to resolve a 
reaction into its various separate stages up to the limit at which the 
possibilities of expression offered by structural formulas failed to describe 
things further. In order to show in how far such experimental methods of 
proof for certain stepwise courses of reactions can be carried out, and are 
reliable in other cases as well, a few typical reactions, in which such questions 
have been raised particularly frequently, will be discussed. Several of these 
have already been named previously; there we simply chose the formulation 
which permitted us to recognize the starting materials and the end-products 
of the reaction, without taking cognizance of the perhaps probable, but 
nevertheless unproved, course taken. Thus, for example, the hydrolysis 


* Compare for example: H. WIELAND and H. Wacner, Ber., 53 (1920) 1343; also 
the review in P. PFEIFFER, Organische Molehiilverbindungen (Organic Molecular Com- 
pounds), in the series Chemie in Einzeldarstellungen, Vol. 11, 2nd edition, Stuttgart 
19275) pp. 387) ete: 

© For the reaction mechanisms see H. B, Watson, Annual Reports Chem. Soc. 
London, 35 (1938) 280. Compare also This Volume, pp. 384 etc., 433 etc., and 476 etc, 
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and the re-esterification of an ester was written as a substitution reaction: 


Sd OC lH, + Hon 
| 
O 


although it may proceed via addition products, in the formation of which 
the water may attack the carbonyl: 
OH 
Gre o0 ty aly CH,—cZoH ds, Merpatee ts nee C,H,OH 
| oC, SO ay 
O—C,H, 

Here, as in all other cases, the difficulty of conducting a proof consists in the 
fact that the isolation of such compounds as would correspond in type to some 
formulable intermediate product, be that in the reaction investigated itself 
or by some other means, in itself says nothing as to the significance of this 
substance for the actual course taken by the reaction. (Cf. also p. 433). 

Several kinds of aids are available for carrying out the proof of a reaction- 
course. The most certain of these is, as already emphasized, a complete 
kinetic analysis. For this purpose one must be able to prepare the hypo- 
thetical intermediate products, and to determine their reaction-transfor- 
mation velocities under the gzven experimental conditions ; it may then, under 
some circumstances, suffice to know qualitatively the relation of the reaction- 
velocities in the separate stages of reaction. This is the path that was followed 
(Cf. pp. 434, 455) in testing out the hypotheses which assumed substances 
with three-membered rings as intermediate products in the pinacolin- 
rearrangement. 

Qualitatively it is possible to delve into the relation between the reaction- 
velocities of the separate, at first only hypothetical steps, by means also 
of the ‘‘capture” of these intermediate products. Formerly (Cf. p. 443) this 
was considered only from the point of view of determining the constitution 
of the hypothetical intermediate products. In principle the capture-method 
consists in inserting into a sequence of reaction-steps which occur too rapidly 
one after the other to measure their individual reaction-velocities, or even 
to compare them qualitatively, some reaction which will occur very rapidly 
with one of the supposed intermediate products, so much more rapidly 
indeed than the transformation of this product in the original full sequence 
of reactions that the original reaction-sequence will be broken by removal of 
the intermediate product, which should if possible be obtained in the form 
of a characteristic derivative, or in the form of some compound formed by 
means of an easily interpretable reaction. The difficulties that may be 
connected with drawing conclusions, from the structure of the transforma- 
tion product actually isolated, as to the structure of the intermediate 
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product under consideration, have been pointed out already previously. 
This “capture method” has been widely used in the analysis of enzymatic 
processes. ; 

If the hypothetical intermediate products possess any special physical 
characteristics which permit recognition of their presence even in low 
concentrations, as for example a characteristic absorption of light, the 
significance of these compounds for the course of the reaction may be 
established by following the changes of their concentrations as functions 
of the time. 

Frequently enough, however, up to the present time, such observations 
as would really prove the course of reactions to be established have not 
been possible, or one has failed to make them. In that case it is necessary 
to estimate the relation between the various reaction-velocities in the 
separate hypothetical steps, by means of more or less certain analogies. 
In so doing great caution is, however, required, since as yet so very little 
indeed is known as to the theoretical relations between constitution and 
reaction-velocity (Cf. Book IV, Chapter XX). When theoretically two paths 
might possibly lead from the starting materials to the final products, one will 
very frequently not be able to predict which would be the more rapid, and 
it may very well be that for one group of compounds the one path is the 
more rapid, while for another group of compounds the other path is the 
more rapid !!. Since it is often true that quite different types of transforma- 
tions lead to the same end, a formally constructable uniformity in the inter- 
pretation of various courses of reactions proves nothing as to the correctness 
of such a construction, however enticing it may appear, and however 
convenient it may be for the memory. 

Again and again we meet with the problem of the under-estimation of 
the difficulties involved in establishing the proof of a particular stepwise 
course of reactions as represented by certain formulas. The tendency toward 
formal constructions is very widespread; frequently these constructions 
may indeed strike upon the correct course, but only in the very rarest cases 
may these constructions be looked upon as actually proved. From the experi- 
ments cited for their proof it usually follows only that among these experi- 
ments no contradiction is found with respect to the course of reactions as 
assumed originally by the hypothesis, but these experimental facts can 
usually be brought into just as satisfactory conformity with other hypo- 
theses. 

This is true above all of chemical reaction-schemes formerly constructed 
without proper consideration for the particular nature of the chemical bonds. 
In these constructions undertaken for the purpose of resolving areaction-course 


1 Cf. The remarks made on pp. 447—449 regarding tricyclene and cyclofenchene. 
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into its individual steps, essentially two trains of thought stand in the fore- 
ground; first, the assumption of free radicals as intermediate products, 
and second, the assumption of*addition compounds as the first pre-steps 
in substitution reactions. At the same time there is often also clearly recog- 
nizable the attempt to represent as many reactions as possible by one and 
the same reaction-scheme. Only in relatively few cases do these formal 
schemata withstand serious criticism; in what manner this criticism is to 
be earried out will be shown in various places by suitable examples (Cf. pp. 
750, 765 etc.). 

Courses of reactions which take account of the functions of the various 
electrons that serve to establish the chemical bonds, as wellas of the electro- 
chemical character of the atoms and groups of atoms, lead much further 
than do most of the older schematic reaction-mechanisms. It is in this way 
that considerable progress has most recently been made; examples of this 
are the pictures already discussed in the chapter on the WALDEN Inversion 
for the courses of substitution-reactions on tetravalent carbon, as well as 
in the conception and interpretation of the pinacol and retropinacol rear- 
rangements (Cf. Chapter VI, pp. 405 etc.) as a rearrangement of ions in 
which the positively charged carbon atom carries one electron sextet. But 
even within the circle of these concepts, in which greater penetration into 
the details of chemical processes is achieved, caution is necessary in the 
setting up of hypotheses: For so many of these in themselves so illuminating 
hypotheses, the discoverer still owes the debt of an experimental proof. 

The advantage of the newer interpretations of the courses of reactions 
consists in the ability to predict the place occupied by the bonding electrons 
during the course of the transformation. In this way more possibilities 
naturally arise for the course to be taken by the reaction than when this 
circumstance is not taken into account. The estimation of these possibilities 
with respect to one another leads to this,—the various paths that lead 
to the same end-result may all be considered as traversible, and these must 
then be tested and proved as to whether or not, depending upon the experi- 
mental conditions, sometimes the one, sometimes the other, or finally, some- 
times also both paths simultaneously, are traversed in a manner already 
pictured in the case of the Walden Inversion (Cf. p. 563). In this way one 
comes more and more to recognize that the same initial and the same final 
states do not necessarily mean the same intermediate course of events. In 
this way, under some circumstances, one gains a further hand-hold for direct- 
ing the course of a reaction by interfering with it in some way. Theoretical 
developments today are leading in a direction just the opposite of that in 
which one formerly thought it was necessary to guide them; instead of using 
one chemical scheme to interpret as many reactions as possible, we today 
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frequently enough see a reaction that can formally be considered as proceed- 
ing according to a single reaction-equation as actually taking place according 
to several chemical reaction-mechanisms or chemisms. 


(iii) SUBSTITUTION ON THE SATURATED TETRAVALENT CARBON ATOM 


The complete answer as to the course of a substitution-reaction on a 
saturated tetravalent carbon atom comprises within itself two problems. 
First of all, it is necessary that each substitution-reaction be considered and 
tested individually as to whether the substances that appear in the usual 
reaction-equation are the only relatively stable structures formed during 
the course of the substitution, or whether the process can usefully, or must 
necessarily, be split up into several reaction-steps. The structures that 
appear in these stages as intermediate products are indeed readily subject 
to change; i.e. quite labile; and hence can either not be isolated, or can be 
only with difficulty. Nevertheless they each represent a state which is lower 
in energy than are the neighboring states, and hence at least relatively stable, 
and expressible by means of some formula. If now one only knows whether 
a substitution runs through high-energy intermediate states which cannot 
be represented exactly by any formulas, or whether the reaction proceeds 
stepwise via stages, in neither case is it possible as yet to give a complete 
description of the reaction. For to do so involves also the problem as to 
where the bonding electrons, which are represented in the formula by the 
valence dash, may be at any given moment. 

Formerly, when one did not as yet guess at any such reality for the 
bonding dash, it was still sufficient, for example, to represent the substitution 
of hydrogen in methane by chlorine by means of the picture, 


HCH Cl ele 


or the substitution of hydroxyl by chlorine in the reaction between methanol 
and hydrochloric acid pictorially by means of, 


H,C——OH + H——Cl. 


As soon, however, as the valence-bond signifies two electrons, these pictures 
would represent quite concretely the fact that in each case an electron remains 
attached to the carbon atom, while the second electron is taken along by 
the departing substituent, and that in return a new electron is brought 
along by the entering substituent. That is however by no means self-evident; 
for example it could very well be that in the second example the hydroxyl 
would take along both valence bonding electrons, and that in exchange, 
the chlorine might bring along two electrons for the production of the new 


———————— Oe 
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bond. Such a substitution would logically have to be represented by the 
picture, 


H,C—OH + Hcl. 


The essential factor in this second problem is therefore that the entering 
substituent be evaluated not simply as an atom or an atomic group, but 
that it be considered along with its bonding electrons which link it to the 
carbon atom. . 

The first problem, for the solution of which a decision must be made as 
to whether a substitution reaction can be or cannot be split up into formula- 
ble reaction-stages, has already been considered in part in the case of the 
WALDEN Inversion. The most important pictorial concepts that we have 
as yet been able to develop regarding the course of a substitution reaction 
on a saturated carbon atom have also already been discussed for the case of 
the WALDEN inversion. Among other things it was pointed out at that time, 
that for the course of a substitution that seemed to be as simple as that of 
OH by Cl or the reverse, it was still necessary to consider several reaction- 
paths; indeed that even in the case of the action of the same substance 
on compounds with the same functional groups, as for example for the 
action of hydrogen chloride on alcohols, several modes of reaction had 
to be considered. The problem should therefore here again be considered 
from a more general point of view than was done there. In this connection 
the experimental foundations in particular should be discussed on a broader 
basis. 

As starting point we shall take the above-mentioned reversible substitu- 
tion of hydroxyl by chlorine. Ever since we have known of the existence 
of the primary, secondary, and tertiary alcohols, it has also been known 
that when they react with hydrogen halides, the primary alcohols in general 
esterify more rapidly than do the secondary; surprisingly enough, the 
tertiary alcohols are esterified most readily. Conversely, the hydrolysis of 
the tertiary halides is most rapid; the hydrolysis of the primary halides 
follows long after, and then, closely behind the primary, follow the secondary 
halides. (For the similar stepwise differences in the velocity of a reaction 
and its reverse reaction compare Vol. II, Book IV, Chapter XX). The 
observed sequence may seem surprising in this connection, first of all because 
in the formation and saponification of the carboxylic acid esters of the 
alcohols the velocity of reaction decreases regularly in the order primary, 
secondary, and tertiary. That there should be a difference in the case of 
the halides and the carboxylic acid esters seems of course by itself to be less 
remarkable, because in the case of the halides the breaking away of the 
substituent takes place from the carbon atom, while in the case of the 
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carboxylic acid esters fission takes place away from the oxygen. In other 
words, in the latter case no actual substitution of the tetravalent carbon 
atom takes place. It is nevertheless remarkable that in the case of the 
halides the regularity is not in the order primary, secondary, tertiary. 
When we consider how a substitution of halogen by hydroxyl may be 
brought about, we see that we must reckon with two possibilities 12. Kithes 
the substitution takes place bimolecularly in accord with the scheme of 


reaction: 
RC: OH= ts, R-=OHsCis 


or there is at first a trace-wise monomolecular fission of the halide into 
ions 1%. in accordance with the scheme: 


Ron ae Clee 


followed then by a second stage in which the organic radical-ion unites with 


the hydroxyl ion: 
Rte OH =“ ROR: 


Such a course would be a reaction in accord with a scheme designated 
by MEERWEIN as a crypto-ionic reaction (p. 555). In this connection it must 
be remembered that the trace-wise dissociation of the compound into ions 
is not a spontaneous monomolecular decomposition, as, for example, in the 


case of the reaction, 
I, —> 2l, 


but rather that it will take place by co-action of the solvent, and is hence 
more accurately a pseudo-monomolecular reaction 1°, 


1 Compare also the first German edition of this book, Vol. II, 268 (1931), also 5th 
edition, p. 507. As to substitution of halogen by OH, and in part also by (another) 
halogen, see also G. H. Grant and C. N. HinsHEetwoop, J.Chem. Soc., (1933) 258; also 
M. J. Youne and A. R: Orson, J. Am. Chem. Soc., 58 (1936) 393, 1157; E. BERGMANN, 
M. Poranyl, and A. Szaso, Trans. Faraday Soc., 32 (1936) 843. 

8 Ionization of C-halogen bonds. Comprehensive review by E. D. Hucues, Trans, 
Faraday Soc., 34 (1938) 185. 

4 The possibility of dissociation into an uncharged radical and a halogen atom 
need not be discussed at this point, since it is extraordinarily improbable. In the case 
of other substitution-reactions the decomposition of a compound into radicals as an 
intermediate step cannot be rejected without further consideration ; see Section vi, 
‘Radicals as Intermediate Products in Chemical Reactions”’, pp. 781—816, below. 

© The significance of the solvent for the dissociation into ions is emphasized especially 
by Hammett; see L. P, HAMMETT and N. T. Fartnaccl, J. Am. Chem. Soc., 59 (1937) 
2544; J. STEIGMAN and L. P. Hammett, J. Am. Chem. Soc., 59 (1937) 2536. See 
further in this matter, S. WINSTEIN, J. Am. Chem. Soc., 61 (1939) 1635. Furthermore, 
C. K. INGOLD too, differing from WINSTEIN’s representation, assumes the co-action of 
several molecules of water in the ionization of tertiary-butyl chloride (Private com- 
munication of March 2, 1938), also J. Chem. Soc., (1940) 1008. For a review on the 
process of substitution, see: E. D. HuGHEs, J. Chem. Soc., (1946) 968. 
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The two types of courses of a substitution-reaction here set up for discus- 
sion are those also already described for the WALDEN Inversion as Types 
2 and I in INGOLD’s systematics of substitution-reactions 1°, Differentiation 
between these two types is only possible when we succeed in proving the 
order of reaction by which a substitution takes place. Type S2 is a reaction 
of the second order; Type S 1 a reaction of first order. It may be surmised 
that a difference in the type of substitution will cause a difference in the 
order of magnitude of the reaction-velocity, and that the differences in the 
behavior of the tertiary compounds as compared with the primary and 
secondary compounds are based on this difference in substitution type. The 
following experiments of INGOLD’s school support this surmise in the best 
way; the interpretation of their kinetic measurements was a subject for 
argument!® , though the objections raised could not be supported by 
experimental evidence ?’. 

The hydrolysis of methyl and ethyl halides by alkali in alcoholic and 
aqueous-alcoholic solution takes place as a second order reaction 7°, In 
the case of the methyl halides the velocity of hydrolysis is about ten times 
as great as for the ethyl halides. Comparing the iso-propyl halides it is 
found that the velocity is again slower by an order of at least ten. The 
time-law for the reaction-velocity is not a simple one in the case of the 
isopropyl halides #1, and of secondary-2-bromo-octane **. Account must then 
be taken of the fact that in this case considerable formation of propene 
or octene respectively takes place. At the same time it is possible to cal- 


16 More accurately Sy 2 and Sy 1; see p. 725 for a detailed discussion. 

17 C, K. Incotp, E. D. Hucues, and Coworkers, J. Chem. Soc., (1933) I: 526; 
Il: 1571; (1935) III: 236; IV: 244; V: 255; (1936) VI: 225; (TOS7h Victor LT 
1183; IX: 1187; X: 1192. In what follows these papers are cited as /oc. Cit. 

18 W. TayLor, J. Chem. Soc., (1937) 344, 992, in general, on the basis of indirect 
evidence, assumes bi-molecular reactions. For the objections of A, R. OLson and 
R.S.Harrorp, J.Am.Chem. Soc., 59 (1937) 2644, see L.C. BATEMAN, E.D.HUGHEs, 
and C. K. Incotp, J. Am. Chem. Soc., 60 (1938) 3080 (Reactions of benzhydryl 
chloride = (C,H;),>CHCl). 

19 See in this connection the very thorough studies XI—XXV of E. D: HUGHEs, 
C. K. Incotp and Coworkers, J. Chem, Soc., (1940) 913—1029, which, due to lack of 
space, cannot be discussed here. 

For a discussion of the conditions that determine whether a reaction proceeds in 
accordance with Type Syt or Sw2, taking into account the bond-strengths R—X 
(X = halogen), the ionization potentials of R, the heats of solution of R*, and for 
Sy2 also the steric hindrance factors, see: A. G. Evans, Trans. Faraday Soc., 52 
(1946) 719. 

2 C. A. Lopry DE BRuynand A, STEGER, Rec. Trav. Chim., 18 (1899) 41, 311; 
G. H. Grant and C. N. HinsHetwoop, J. Chem. Soc., (1933) 258. 

21 Toc. cit. VI and VII, footnote 17. 

22 Joc, cit. X, footnote'r7. ri 
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culate a second order velocity constant and a first order constant 7°. Even 
though the calculations are not of a high order of accuracy it seems certain, 
nevertheless, that in the hydrolysis two different processes, the bimolecular 
substitution and the monomolecular ionization, may both participate. 
A bimolecular reaction is determined in 80 % alcohol with 0.8 N NaOH, 
a monomolecular reaction is determined in 80% and in 60% alcohol alone. In 
the case of the tertiary-butyl halides *4 however, the hydrolysis always 
proceeds, without question, as a first order reaction; the velocity of this 
reactions is about 104 times as great as for the zso-propyl halides. 

The splitting out of hydrogen halide that usually accompanies the hydro- 
lysis reaction has also been recognized as a first order reaction, both for 
the case of tertiary as well as of secondary halides ?°. We shall return to this 
matter again later on when the relationships between elimination and substi- 
tution reactions will be discussed (pp. 772 etc.). 

The same types of reactions as pictured here for the saturated organic 
halides may also take place in the unsaturated halides of the allyl halide 
type. They explain the differences in the results of the hydrolysis of the 
primary zso-pentenyl bromide when water and either sodium ethylate or 
phenol and potassium carbonate respectively are used as the hydrolyzing 
agents. In the first case, i.e. with water, the reaction takes place as a cryp- 
to-ionic reaction, and, because of the mesomerism of the allyl cation, yields 
the tertiary alcohol. In the second case the reaction is a bimolecular sub- 
stitution that does not involve any intermediate ion-formation. 

The variety and multiplicity of substitution-reactions has not yet been 
described exhaustively by the use alone of the two tables here set up and 
used. The two types show the following difference: 

In the case of Type St a chemical bond is broken, either under the influence 
of the solvent or by monomolecular decomposition 26, so that the molecule 
falls into two parts, which for a short time lead an independent existence. 
One of these fragments then combines with the new substituent. 

In the case of Type S2 the new substituent by itself, by means of the 
proximity of its approach, effects a loosening of the chemical bond of that 
substituent which it finally displaces. During the whole of the substitution 


*8 Loc. cit. VI, pp. 231—233. The critical discussion of the experimental techniques 
and methods of calculation here would lead us too far. 

*4 Loc. cit. V and VIII. As to the function of the solvent, see also loc. cit. IX; for 
the objections thereto, on the other hand, see W. Taytor, J. Chem. Soc., (1937) 1852. 

#5 E. D. Hucues, C. K. Incoip and Coworkers, J. Chem. Soc., (1937) L:-Teygre 
Il: 1277; III: 1280; IV: 1283. For a compilation of the approximate constants for 
substitution and elimination reactions for ethyl, iso-propyl, ¢ert.-butyl, a-phenylethyl 
and /-phenylethyl alcohols, see E. D. Huaues, Cu. K. INGotp, S. MASTERMAN and 
B. J. McNutty, J. Chem. Soc. (1940) 908. 

2° For example in the thermal decomposition of diazonium compounds, 


———— 
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process no chemical bond of full normal strength is loosened. The process 
is exactly described under the WALDEN Inversion, PP. 555—557: 

In the differentiation of the two types it is at first irrelevant, and an open 
question, in which way the bonding electrons, which participate in the 
broken and in the newly-formed bond, behave during the reaction. The 
examples discussed above are all such that Type 1 consists of a dissociation 
into ions, while in Type 2 = Sy2 the new substituent approaches as an ion: 
in other words it brings along its own bonding electrons. It is however by 
no means to be expected that in general all substitution reactions will proceed 
by this same chemical mechanism; it is only necessary to think of a substi- 
tution of hydrogen by chlorine, which most certainly does not take place 
by way of an ionic scheme. From a quite general point of view then, it is 
now found necessary to solve the problem originally posed as a double 
problem, and to indicate in which way the bonding electrons do actually 
participate in substitution processes. The compilation of the various possibili- 
ties yields a systematics of substitution reactions; one such was developed 
by INGoLD. Based thereon we may go on to a classification of substitution 
reactions, and assign every substitution reaction for which sufficient experi- 
mental and theoretical data and information are available to a certain 
definite class. 

For the place of the bonding electrons of carbon during a substitution 
reaction we have the following possibilities: 

(1) The bonding electron-pair is separated from the carbon; it leaves 
together with the departing substituent. The new substituent brings along 
the two electrons necessary for bond-formation. 

(2) The bonding electron-pair remains attached to the carbon atom after 
the fission of the substituent; the new substituent brings along no bonding 
electrons. 

(3) The bonding electron-pair splits; half, or one electron, remains on 
the carbon atom, the other half goes with the departing substituent. In 
accord with this the new substituent must bring along one bonding electron. 

Corresponding to these three possibilities we have the following schematic 
pictorial representations: 

I II Ill 
C Xx C X C——X. 

Which of these three possibilities will actually occur depends on the 
nature of the substituent X, the nature of the attacking reagent, and 
finally also on the experimental conditions. The strongly polar bond C—Cl 
will probably usually split according to scheme I, in rare cases according 
to scheme III, but almost never in accord with scheme II 27. In the case 


27 On suitably substituted aromatic nuclei, halogen, especially iodine, may undergo 
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of the C—H bond, it will be necessary to take into account all three possi- 
bilities: in this case the attacking reagent will be the determining factor. 

The nature of the attacking reagent, and of the substituent it introduces, 
has been made the basis for the nomenclature used in the INGOLD systema- 
tics of substitution reactions. If the reagent attaches itself directly to the 
nucleus of the carbon atom (or more exactly, onto the nucleus as screened 
off by the two electrons of the K-shell), and at the same time brings along 
the electrons necessary for bonding, then it is called nucleophilic, because 
it ‘loves’? the atomic nucleus of the carbon atom. If, on the other hand, the 
reagent uses the electrons which the former substituent has left behind 
to produce the new bond, then it is called electrophilic. Correspondingly 
the substitutions are classified (subdivided) into nucleophilic substitutions, 
Sy, and electrophilic substitutions, S,. They correspond respectively to the 
above named schemes I and II. A further class of substitution reactions 
obeys the scheme III; such substitutions will be named radical-like substi- 
tutions, and be designated by Sp. 

The classification of reagents into nucleophilic and electrophilic, following 
INGOLD, can be carried out without internal contradictions only if the elec- 
trophilic and radical-like substitutions are combined together as substitutions 
in which the reagent does not contribute both bonding electrons, but rather 
makes use of one or of both electrons which sit on the carbon atom. For 
it is possible that, depending on the experimental conditions, the use or 
demand made on the bonding electrons will be different ; such cases prob- 
ably occur in the action of halogens, which can either replace the hydrogen 
in an electrophilic or in a radical-like substitution reaction (See p. 725). 
With this reservation, the best known substituting reagents can, on the basis 
of the concepts developed by INGoLp, be classified in the following way?8: 

Nucleophilic reagents which bring along one electron-pair to form a bond. 

These are: 

Hydroxyl ion, halide ion, cyanide ion, ammonia, amines. 

Electrophilic reagents which tend to fill up their electron-shells with one 
or two foreign electrons; 

Halogens, hydrogen ion, boron trifluoride (which, for example, in the 
formation of BF,’, takes its two bonding electrons from a fluoride ion), 
aluminium chloride, nitric acid, when it reacts in the sense of the dissociation 
HO— NO,, in which the *NO, tends to fill up its electron-shell. 

Substitution as a cation. See H. MEERWEIN and Coworkers, J. f. prakt. Chem. [2], 154 
(1940) 266. See also Naturforschung und Medizin in Deutschland (Research in Science 


and Medicine in Germafy) 1939—1946 in FIAT Review of German Science Vol. 34 
(Theoret. Org. Chem. 1), pp. 109 etc. 


ne Compare also E. D. HuGuEs, Trans. Faraday Soc., 31 (1941) 603, for a detailed 
discussion, 
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For substitution reactions, according to this classification of the reagents, 
we have then the following scheme for a nucleophilic reagent Y and for 
an electrophylic reagent Z: 


Nucleophilic Substitutions (Sy); 


, 


Y+R—X — R—-Y+X, or —Y+R-—-X —> R-YHX 
A—Y + R—X —> R—-Y + A—X. 
Electrophilic Substitutions (S,); 
Z+R—X — R—Z+4+X 
A—Z-+ R—X — R—Z + A—X. 


The dotted line shows in each case where, with which moiety or fragment, 
the bonding electrons remain. 

If now we combine with these schemes the two Types 1 and 2 of substi- 
tution mechanism, we arrive at the following classification of substitution 
reactions: 


slow rapid 
I R—X 2z Rt+X; followed by Rt + Y —— R-Y, Snr” 
Y-+ R—X — Y-—R+X, S27? 
slow rapid 


II R—H = R- + H:'; followed by RX + W— Z —-—>» R—Z+W_ _ Sgl 


R—H 
Z—W —> R—Z + HW. Sp2 


To these must be added also the radical-like substitutions: 
III R,—R, — R,+R,; followed by R; + R; = R,—R;, SR1 


accompanied also possibly by 


Ry ae R,; = R,—Rs;, 
Ky ki, R,—R, + R, a) 
Ry R; R,—R; SR2 
aes SE b) 
R, Ry R,—R, 


In the case of the radical-like substitutions, in so far as free radicals do 
appear in them momentarily as intermediates (Spr and S,2a) we must, 
besides those given there, allow for other reactions as well. The pursuit of this 


29 R may also be united to some electropositive element other than hydrogen, as 
for example, sodium = Na. Furthermore, the exchange of halogen on suitably sub- 
stituted aromatic nuclei also comes in this group (See p. 723, footnote 27). 
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reasoning leads us to the concept of chain reactions (Vol. Il, Book IV, 
Chapter XVIII). ; 

Radical type substitutions occur, for example, in photochemical halo- 
genation *°, or in substitutions induced or catalyzed by radicals formed from 
decomposing peroxides (See p. 794) *4. Here also belongs the introduction 
of the chloroformyl group, CI—C=O, by means of oxalyl chloride, into 
saturated hydrocarbons *2. This reaction takes place if the oxalyl chloride 
is broken up into two chloroformy] radicals, in accordance with the formula 


O=C—Cl 

ta 6a ; 
either by means of light energy, or by the radicals formed from decomposing 
benzoyl peroxide. 

In the face of such a multiplicity for the courses of reactions, the end-result 
of which consists in a substitution, it is of course by no means a simple 
thing to decide experimentally between the various reaction paths. In 
numerous cases, however, the actual course has been determined beyond 
doubt. Examples for substitutions that take place in accord with the schemes 
Sy I and Sy 2 have already been given in connection with our discussion 
cf the WALDEN Inversion (pp. 562 etc.). A substitution of type S, 1 takes 
place when a proton is replaced by a proton-acceptor, such as pyridine or 
some other base, and the residual anion reacts, as happens for example in 
ester-condensation and related reactions on the methylene component. In 
this case a crypto-ionic reaction takes place in the sense that the loosened 
proton of the methylene group is ionized to a slight extent (p. 381). 

The removal of an atom or group of atoms as an ion can be effected more 
easily by catalysts, which form a complex therewith. The significance of 
such complex-formation for the course of the reaction has already been 
emphasized for the case of the crypto-ionic reactions of Type Sy I that 
occur in the pinacolin and retropinacolin rearrangements (See pp. 419—421). 
In this case the rearrangement is related to and accompanied by an intra- 
molecular substitution. 

Further on below more examples will be given for the catalytic effect of com- 
plex-formers (See pp. 762 etc., 802 etc.). But it is not only for substitution- 
reactions on carbon that complex-forming catalysts must be considered. 
Thus the removal of hydrogen as a proton in the alcoholic hydroxyl group 

30 For example see Vol. II, Book IV, Chapter XVIII, ii, 3, under I and II. Further- 
more, M. S. KHARASCH and K. EBERLY, J. Am. Chem. Soc., 63 (1941) 625. 

*! For optically active amyl chloride, which is simultaneously racemized, see H. C. 
Brown, M. S. KHarascu and T. H. Cuao, J. Am. Chem. Soc., 62 (1940) 3435. 


82M. S. Knarascu and H. C. Brown, J. Am. Chem, Soc., 64 (1942) 320. 
*8 H. MEERWEIN and G, Hinz, Ann., 484 (1930) I. 
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is so strongly helped by a complex-former that increases the polarity of the 
O—H-bond that a methylation by means of diazomethane can be effected 
whereas this reagent otherwise reacts only with acid hydrogen atoms (See 
p. 270) **. Among the complex-formers, the most important are first of all 
aluminium alcoholate, then the ortho acid esters of the types B(OR), and 
Sb(OR)s;, which dissolve in alcohols to give an acid reaction, as for example: 


R R CH,N 
sS SS per ae 
ae, RIOR), ase Ea eR ee ee 
R R 
we 
Oi cai Al(OR); —> . Os ALOR gy 
1s woe 1: O96 


From 1—5 % of catalyst is sufficient. In the case of the polyhydroxy- 
alcohols the complex-forming boric acid (See pp. 107—1009) is an effective 
catalyst; arsenious acid is less effective. 

A substitution of the type S, 2 may possibly be illustrated by that of 
the nitration of hydrocarbons such as isobutane by strong nitric acid. 
Examples of radical-type substitutions will be given in Section vz; the type 
S,I is actually realized in most of the reactions of tetraphenylsuccinic 
acid-dinitrile; S, 2a in the substitutions that radicals, which appear as 
intermediate steps, effect on aromatic nuclei *4 (See p. 807). 

The nucleophilic substitutions, in which the carbon exhibits cationic 
characteristics, have been quite thoroughly investigated, and already 
discussed on pp. 562 etc. They include the numerous substitutions in which 
the electron-affinitive residues of anionic character separate off from the 
carbon atoms. If in such a case the carbon cation is transitorily formed in 
accordance with scheme Sy1, then the octet gaps may lead to intramole- 
cular rearrangements in the carbon skeleton. In individual cases it may 
also be assumed with certainty that the hydrogen can separate from carbon 
in the same way as does halogen; the rearrangements of hydrocarbons in the 
presence of aluminium chloride can be understood in this way (See p. 481). 

On the other hand, little is known about those reactions in which the 
hydrogen separates off from the carbon as a proton in an electrophilic 
substitution process, and the carbon then assumes an anionic nature. At 
the same time, these reactions are of very special interest because in them 
the mobility of the proton on the carbon atom appears strongly, and can 
then be compared with the already well-known mobility of the protons 
attached to oxygen and nitrogen. The reason that this type S, is still so 


#4 A compilation of examples for all six types of substitution will be found in 
W. Hitcxe.: Substitution, Addition, Fission, and Elimination, Z. angew. Chem., 53 


(1940) 40. 
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little known may be sought in the rarity of the bond between carbon and 
a residual group of cationic nature as compared with its bonding to a 
group of anionic nature. Besides hydrogen, which can participate in both 
directions, only the organo-metallic compounds need really be considered. 
Of these the reactive compounds with sodium and potassium can be consi- 
dered to be essentially salt-like compounds, and hence formulated as hetero- 
polar (See p. 637). A transition to a strongly polar homoopolar bond, CX, 
is represented by the lithium organic compounds, which are soluble in non- 
polar solvents (See p. 349). Still more markedly homoopolar are the bonds in 
the magnesium, zinc, and mercury organic compounds. The order of polarity 
of the bonds from C to the metal atom,—K—Na—Li—Mg—Zn—Hg * ,— 
may de deduced from the generally known decrease in the electropositive 
nature of these elements, and is also shown by the electrical conductivities 
(See p. 192) and the reactivities of the corresponding metallo-organic com- 
pounds. 

In the reactivity of the metallo-organic compounds, and in their exchange 
reactions, may be seen the constitutive factors that tend to make a C—H- 
bond split according to the scheme R- *H of an S,-substitution. 
Especially suitable for such investigation are the lithium compounds **, in 
which the carbon stands opposed to a positive univalent element such as 
hydrogen ; for in this case the bonding natures of the carbon and the hydro- 
gen atoms do not differ as much as do the bonding natures of carbon and 
alkali metal in the sodium or potassium compounds, in which the bond is 
more of the heteropolar, salt-like, type. The magnesium organic compounds, 
which differ still more from the heteropolar bonding type, are, on the other 
hand, in general again too unreactive toward hydrogen attached to carbon. 
Thus the GRIGNARD compounds react with hydrogen on carbon in only 
exceptional cases, e.g. cyclopentadiene. 

The peculiar position of the lithium organic compounds is recognized 
already in the behavior of the simple lithium alkyls. Unlike the other alkali 
alkyls, which are amorphous, lithium methyl is crystalline, but is, like the 
others, insoluble in benzene, and, when dissolved in zinc dimethyl, likewise 
an electrolyte. On the other hand, the solution of lithium ethyl, which melts 
without decomposition at 95° C, conducts the electric current very poorly; 


°° H. Gitman and J. E. Kirsy, J. Am. Chem. Soc., 55 (1933) 1265 (Reactivities 
of the organic Li and Mg compounds). Also H. Girman and R. V. Youne, J. Org. 
Chem., I (1936) 315 (Conductivities and stepwise changes in the reactivities of the 
organo-metallic compounds) 

°° Comprehensive review by: G. WITTIG, Naturwissenschaften 30 (1942) 696. For 
the syntheses of the lithium organic compounds: G, Wirtia, Z. angew. Chem., 53(1940) 
241. Furthermore, Naturforschung und Medizin in Deutschland, ‘(Scientific Research 
in Germany) 1939—1946, in FIAT Review of German Science, Vol. 34 (Theoret. Org 
Chemistry, I), pp. 110 etc. m1 
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sodium ethyl conducts about 30 times as well. Hence ionization takes place 
to only a slight extent. In benzene it is moderately soluble, slightly volatile 
at the melting point, and can hence form mono-molecules of LiC,H;, which 
the salt-like alkali alkyls cannot do. It therefore forms a bridge over to the 
volatile metal alkyl compounds, of which the liquid lithium-n-propyl with 
its ready solubility in benzene is already a typical representative. For this 
reason it is justifiable to look upon the lithium organic compounds, with the 
exception of lithium methyl, as essentially homoopolar compounds, and 
to unite the lithium to the carbon by means of a valence bond: Li—~CH,— 
CH,—CHs. In the various lithium organic compounds the Li—C-bond will 
possess different polarities; they are therefore suitable examples for the step- 
wise change in the reactivities for electrophilic substitutions, just as are the 
halides for the nucleophilic substitutions. In this lies the significance of the 
numerous recent investigations using them as one of the reaction partners. 

The reactivity of the lithium organic compounds 3’7,—usually phenyl 
lithium, soluble in ether solution and readily obtainable from bromobenzene 
and lithium, is used,—is, on the other hand, so great that even a less mobile 
hydrogen or carbon can be replaced by metal. Thus the phenol ethers react 
with substitution of the ortho hydrogen by lithium in accordance with the 
reaction type S,2 38, as for example: 


cHO—< > peat cHo< > 
* | be 


| 


sey | +C.H,. 
Hy nth 14 Li 


Heterocyclic compounds *° likewise exchange hydrogen on the carbon 
adjacent to the hetero-atom. Thus furan yields «-lithium furan. 

It is especially worthy of note that in the case of suitable substitution 
on the benzene ring, bromine and iodine, but not chlorine and fluorine, 
can be exchanged against the electropositive lithium, as for example in the 
halogenated phenol ethers 4°. In some cases, aliphatically bound halogen 
also reacts analogously 44. The cationic exchange of halogen has also 
been observed in a few other cases *. 

37 For the method of preparation see: K. ZIEGLER and H. CoLontus, Ann., 479 


(1930) 135 (Compare also This Volume, p. 784). For a compilation and review of the 
methods of preparation see: H. Girman, J. Am. Chem. Soc., 55 (1933) 1252; Rec. Trav. 
Chim., 54 (1935) 584. ; 

38 G, Wittic, U. Pockets and H. Droce, Ber., 71 (1938) 1903. 

39 H{, Gitman and Coworkers, J. Am. Chem. Soc., 56 (1934) 1415; 57 (1935) I12I; 
61 (1939) 109; also J. Org. Chem., 3 (1939) 120. ) 

40 G, WittiGc and Coworkers, Ber., 71 (1938) 1903; 72 (1939) 89; 73 (1940) T107. 

41 G. Wittic and U. PockeE Ls, Ber., 72 (1939) 884; G. Wittic and H. Wirt, Ber., 
74 (1941) 1475. 
a H. MEERWEIN and Coworkers, J. prakt. Chem, [2], 154 (1940) 266. 
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Related to the anionic nature exhibited by carbon in such reactions, may 
also be certain intramolecular rearrangements. Naturally these are of a 
different type than for substitution reactions of the type Sy in which the 
carbon is cationic. Among such rearrangements we may mention that of 
methyl benzyl ether, the lithium derivative of which rearranges to the 
lithium derivative of «-phenyl-ethyl alcohol: 


CjHi=¢H=OICH; C,H,—CH—OLi 
| ens | 
Li CH, 

The carbon atom of the benzyl radical here acts as an anion; that of the 
methyl as a cation. With respect to the former, the rearrangement is a 
substitution of type S,, with respect to the latter of type Sy. 

Closely related to this rearrangement is the aryl-phenol rearrangement in 
which aryl phenol ethers under the influence of phenyl sodium pass over 
into arylated phenols 4°; 


ern aa 
= 36) + NaC,H =» C,H, + —O~ 
See la ent 6° 5 6.6 Puxcohe CoH, 
Na 
gia As ya 
al B J _ >) Nat, 
, ee Ta es 
Na+ — A 


C,H; GH. 


For the phenol ether moiety this involves a substitution of the S,-type; 
for the aryl that migrates as a cation, a substitution of the S,-type. 

In other cases also, rearrangements that can be classified as belonging to 
either or both of these two types are known. Thus the rearrangements due 
to the formation of a carbon atom cation with an electron sextet must be 
assigned to the type SyI, or also to Sy, 2%. 

The rearrangements of the S,-type are the pinacol-pinacolone and the 
retropinacol rearrangements, as well as several other rearrangements that 
have already been discussed sufficiently in detail in Chapter VI. Here we 
need only mention that the answer to the question whether a rearrangement 
is of Type S yr or of Sy2 is not always an easy one. The NAMETKIN rearrange- 


*8 A. LUTTRINGHAUS, Ann. 542 (1939) 241: Z. angew. Chem., 51 (1938) 915; Die 
Chemie, 55 (1942) 50; A. LitrrrncHaus and G. v. WAGNER-SAAF, Ann., 557 (1945) 25. 
For concurrent intramolecular side reactions see also: Scientific Research and Medicine 
in Germany, 1939—1946; The American FIAT Review of German Science, Vol. 34, 
Theoretical Organic Chemistry, I, p. 177, Edition of O. W. Leibiger Research Labo- 
ratories, Petersburg, N.Y., 1951. Compare also This Text, Pp. 724, footnote 27. 

44 For further details see also: Naturforschung und Medizin in Deutschland (1939-1946) 
in FIAT Review of German Science, Vol. 34 (Theoret. Organic Chemistry, 1), pp. 129 ete. 
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ment, in which the halogen must be removed by ionization completely from 
the field of the molecule to which it originally belonged, is a typical S yt 
rearrangement. On the other hand, as already indicated on p. 432, the 
WaGNER-MEERWEIN rearrangement can under some circumstances proceed 
as a true intramolecular atomic displacement reaction, and hence belongs 
to the S,y2-type. This is true as well of the camphene hydrochloride rearrange- 
ment to zso-bornyl chloride, in the absence of a catalyst, or of the spon- 
taneous rearrangement of the labile pinene hydrochloride into bornyl 
chloride. 

Because of the relative rarity of electrophilic substitutions in non-aromatic 
substitutions we wish to give still one more example for an S,-type of 
rearrangement. This is the STEVENS rearrangement * of quaternary ammo- 
nium salts, as well as the closely related WITTIG rearrangement *°. 

As STEVENS found, sodium alcoholate acts upon quaternary ammonium 
salts with benzyl substituents in such a way that the alcoholate ion captures 
a proton from the benzyl group, thus producing a carbon atom with an 
unshared electron pair. Another group with a carbon cation then migrates 
to this unshared electron pair carbon atom, so that an S, type of substitu- 
tion, probably as a true intramolecular migration, i.e. of type S,2, takes 
place. 

TEE Vie a cata oe WacGlines Avge nit a eobarntiths 


“EMS tess es ae Gaulle Ghie 2G Hy 


C,H;-CH,~+-CHy, C,H;CH, .. ~CHy; 
oe N — | N 


2 | + HOC,H,. 
C,H, CH~ CH, C,H,;;CH~ “CH, 


Unstable Zwitterion 
The proton-fissioning effect of the alcoholate ion on a C—H-bond as 
observed here takes place also in the case of elimination reactions (See 
Section v, pp. 774 etc.). 


In the case of the WitTTIG rearrangement, the action of phenyl-lithium 
produces a negatively charged carbon atom with an unshared electron pair: 


fa} pat tig 

a Pi ra S 

x > N(CH,), Ser ae OH, |, 
oun C.HLis (Te! 


¢ _N(CHa)s 


ria 


’ ~ ieee 
“4 GR Hoe ge CHC iy. 7 aA Mawes 
‘oH C e tae 2C.H; 
an Og os 


N,N-Dimethyl-N-benzyl-9- 
amino-fluorene salt 


45 P, G. StevENS, J. Chem. Soc. (1928) 3193; (1930) 2107, 2119; (1932) 55, 69. 
46 Gro. Wittic and G. FELLETSCHIN, Amn., 555 (1944) 133- 
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It is of course true that such groups wander only when they have a 
tendency to form a cation, as in the case of benzyl. Alkyl groups do not 
separate off here as a cation, such as for example the migrating methyl 
group in the case of the NAMETKIN rearrangement. 

Recently still other rearrangements of this kind, in which the driving 
force is the tendency of an anionic carbon atom with an unshared electron 
pair to saturate this off by the formation of a bond, and thereby to raise 
its coordination number to four, have become known. As rearrangements of 
the S,-type they constitute a counterpiece to the rearrangements of the 
S-type, in which the driving force is the tendency of a cationic carbon atom 
to attract a substituent along with its full bonding electron pair from some 
other position of the molecule, and thus to attain to a coordination number 
of four. 

Rearrangements of the S,-type appear when use is made of reagents that 
can dissociate off as a proton a hydrogen atom bound to a carbon atom. 
As will be explained in more detail below in the section on elimination 
reactions (See pp. 772—781) OH’ and OR’ may be well suited for this 
purpose. Phenyl lithium is much stronger still in this respect (See p. 729), 
reacting in accordance with the equation: 


CH,-Li + H—c<o — C,H, + Li. 


By means of this reagent it is possible to induce, alongside of the just 
pictured STEVENS rearrangement, still another S,,-type of rearrangement of 
the quaternary ammonium salts,—the rearrangement of dimethyl-dibenzyl- 
ammonium bromide to give o-(dimethyl-amino-benzyl)-toluene 4”. This was 
first observed by SOMMELET #8, when he sought to carry out the exhaustive 
methylation reaction by addition of phosphorus pentoxide to the quaternary 
base, instead of by purely thermal decomposition as is usually done. 
SOMMELET obtained then not an elimination of water and tertiary amine, 
but rather an elimination of water only, while the tertiary nitrogen atom 
underwent migration. As an example we have: 

Trimethyl-(diphenylmethyl)-ammonium hydroxide (benzhydryl-trimethyl- 
ammonium hydroxide) undergoes a migration of the dimethylaminomethyl 
group in one of the benzene rings to yield N-dimethyl-o-benzyl-benzyl- 
amine: 


C,H,-CH-N(CH,), OH  C,H,-CH—N(CH,), GuICH. 
i : 
a ri Sas Na eg 
| ) P.O, | | UTIs ( CH,-N(CHs), 


be ae pelt 


c G. WITTIG and H. Tenwaerr, Z. S. f. angew. chemie, 63 (1951) 16. 
* M. SoMMELET, Compt. Rend. Acad. Sci. Paris, 205 (1937) 56. 
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Either the OH’, or more likely the ion H,P,0,” formed from 2 OH’ and 
P,O;, or a similar anion, must here be regarded as the proton-catcher. 

Still another direction for the rearrangement is observed in the reaction 
of the cyclic quaternary ammonium salts with phenyl-lithium. Here the 
ring-strain in the product to be expected is such that the STEVENS rearrange- 
ment simply does not take place. Instead, in a sort of evasion or dodge reac- 
tion, methane is split out, and an almost strainless ring system is produced. 
Thus o-xylylene-dimethyl-ammonium bromide yields N-methyl-iso-indole, 


CH “| a 
oe xe [Br Celtel nips 
Pichia ces N<(CHs3). —> 

YNcx,7 VN\cHLK 

( + alas 

y eee N-CH, + CH,,— 

we C H” 

whereas by the STEVENS reaction the product would have to be 
CH-N(CH 
‘a 3)2 


oC 


(7v) ADDITION AND SUBSTITUTION 
(a) Historical and Theoretical Foundations 


The pictorial representation originally connected with the concept of 
substitution, taking this to be an “‘in the place of’’, has had to take on a 
new form in the various conceptions which we must adopt today as to 
substitution on a tetravalent carbon atom. We must now depart from an 
all too literal interpretation of the expression substitution; nevertheless, 
even today, we can still tie fast to essential features of the old picture. This 
old picture, however, seemed already long ago to many investigators to be 
too primitive to describe the course of a chemical reaction; they therefore 
tried other conceptions which were intended to give far more detailed pre- 
dictions as to the course of a reaction. Most of these conceptions replaced 
the process of actual direct substitution by a series of reactions in which an 
addition of the substituting reagent preceded the substitution itself. Already 
KEKULE considered such a reaction-course as possible, and in many cases 
even as probable; later on this hypothesis was drawn upon especially for 
an explanation of the WALDEN inversion **4. 

4#a For the hypotheses of E. Fiscuer, A. WERNER, and P. PFEIFFER, see This Text, 
p. 553, footnotes 172, 173, 174. 
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Today we know, however, that the saturated tetravalent carbon atom 
cannot undergo addition reactions that correspond to these hypothetical 
pictures; such pictures must therefore be eliminated in any attempt to 
explain substitution on a saturated carbon atom. This does not mean, how- 
ever, that an addition hypothesis of substitution is to be rejected fundamen- 
tally. In particular, one may consider such a hypothesis in the case of 
substitution reactions on multiply-bound carbon atoms, for these tend very 
strongly to undergo addition reactions; furthermore, we must not reject 
at once such an hypothesis for substitution on an aromatic carbon atom. 
Finally, we must reckon with the possibility of a primary addition as the 
beginning of a substitution process in the case of elements other than 
carbon, even when these are bound only by single bonds. 

It is from this last named point of view that, on the basis of the example 
of the Theory of Hydrolysis, we wish to unroll the whole problem of “Addition 
and Substitution”’. 

For it is here that we see most clearly the special position of the tetravalent 
carbon atom. This atom, for the reactions of which the concept of substitu- 
tion was originally coined, is, on the basis of today’s knowledge, about the 
only one on which true substitutions in terms of the pictures given in Section 
ai can take place. Alongside of it the aromatic carbon atom may also 
undergo true substitution in a large number of cases, but by no means in all 
substitutions on the aromatic nucleus. Beyond this cases of true substitution 
processes are very rare indeed. 

The reason that the saturated tetravalent carbon atom assumes a special 
position may be sought in the fact that its four valence electrons are com- 
pletely occupied in the bonding of the four substituents; the carbon atom 
is not able to collect about itself any more than the 8 electrons that then 
surround the carbon atom. As throughout the entire first period of the 
Periodic System, the octet is here the absolute upper limit. Addition 
reactions to the saturated carbon atom are therefore not possible. If then 
in any case an addition precedes a substitution it can at the most take 
place on one of the substituents bound to a carbon atom, provided this 
possesses a lone electron-pair*® enabling it to undergo addition reactions. 
The carbon atom bears such a lone electron pair only when it occurs in an 
anion as the seat of the negative charge; for this reason the carbeniate salts 
discussed on p. 367 are capable of undergoing addition reactions. Further- 
more, a reagent may add on to a carbon atom when the carbon is the seat 
of a positive charge; in the cation the carbon atom is surrounded by only 
a sextet of electrons which has a tendency to fill up to an octet. Furthermore, 
a carbon radical is surrounded by a sepPtet of electrons which seeks either to 


49 Unshared pair of electrons. 
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add on to another radical of its own kind or to other atoms in order to 
complete its octet. Everywhere where additions are possible the carbon 
atom is surrounded by fewer than four substituents; this is true also in the 
case of the multiply or aromatically bound carbon atoms mentioned above. 

Quite generally then, and not only for the carbon atom, the additive 
capacity of atoms may be based on various causes. These are as follows: 

1. Lone electron-pairs, or unshared pairs. 

2. Incompleteness of the electron-shell. 

3. Multiple or aromatic bonds. 

Only when at least one of these conditions is fulfilled can substitution 
be preceded by an addition, as will be illustrated now by the example of 
the hydrolysis and the alcoholysis of chlorides. 


(b) Theory of Hydrolysis °° 


As a starting point for the consideration of hydrolytic processes, let us, 
while leaning on the substitutions on saturated tetravalent carbon atoms 
already discussed, now choose the case of the hydrolysis of the chlorides 
of the aliphatic series, for which then no preliminary addition to the carbon 
atom is possible. 

For the hydrolysis of the alkyl and aryl halides we need consider only 
the two types of nucleophilic substitutions, for the chlorine atom is decidedly 
electronegative, and hence always takes an electron along with itself when 
it becomes separated from a carbon atom to form a chloride ion. If the 
course of the substitution takes place in accord with type Sy 2, then the 
hydroxyl radical attacks the carbon directly, by simply simultaneously 
forcing aside the other substituents (Compare also pp. 557,562). Inthe case of 
the reaction type S, 1, which represents a crypto-ionic stepwise reaction, 
the first step is an ionization. This ionization does not consist of a spontaneous 
monomolecular decomposition of the chloride into ions, but requires the 
cooperation of the solvent agent. How this acts is as yet not clear in details, 
but we will not err if we assume that it attacks the chlorine, somewhat in 


accord with the scheme: 
H 


(CH); >C—Cl+HOH = (CH,);>C—C1:H:0:% 


According to this the C—Cl-bond is polarized and loosened by the addition 


50 Compare W. HUckEL, Amn., 540 (1939) 274. 
51 This scheme is not intended to indicate that only one water molecule is active 


during ionization; it is also possible that several molecules participate. 
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of water, and finally a hydrated chloride ion separates off. The hydroxyl 
ion with the lone electron pair on the oxygen then enters into the gap in 
the octet of the residual carbon atom cation; or it may also be a water 
molecule followed by separation of a hydrogen ion. 

In the case of carbon tetrachloride the attack from outside can only be 
directed against the chlorine atoms, which tend to screen off the carbon 
atom. An approach of the hydroxy] ion, or of an alcoholate ion, as demanded 
by a substitution of the type Sy 2, can, in view of the repulsive effects of the 
electronegative chlorine atoms on all anions, take place only if a great 
amount of energy is applied, so that a reaction in accord with this scheme is 
eliminated. But beyond this, the attack of a water, or of an alcohol molecule, 
in accordance with the scheme of type Sy I will also only seldom be accom- 
panied by success, for the chlorine atoms of carbon tetrachloride are, by no 
means due the least to the high degree of symmetry of the molecule, bound 
more firmly than they are in the case of the alkyl halides. It is for this reason 
that the carbon tetrachloride molecule is so stable with respect to hydrolytic 
agents °?. 

In quite remarkable contrast to carbon tetrachloride is the very easily 
hydrolyzed silicon tetrachloride. The reason for this is that in this case a 
new type of attack is possible so far as water is concerned ;—this is based 
on the capacity of silicon tetrachloride to undergo addition-reactions, in 
the course of which the electron-shell which surrounds the silicon atom can 
be filled up from 8 to 12 electrons. In the second period of the atomic 
system the octet is no longer the upper limit as in the case of carbon and 
throughout the first period, as is proved by, among other things, the existence 
of such compounds as SF, PF;, PCl;, and of the ion Sif”. 

The hydrolysis of silicon tetrachloride can therefore begin with an addition 
of water to the central silicon atom: 


H 
SiC], +H,O —> 20: SiCl, > HCl + HO—SiCI,, etc. 
H | 
Cl 


This is the essence of the theory of hydrolysis set up by PFEIFFER °°. 
PFEIFFER ** has furthermore been able to show that the corresponding 
course of reaction actually takes place in the hydrolysis of tin tetrachloride 


** For the reactivity of carbon tetrachloride with aniline, and other substances, 
compare H. J. HOFMANN, Z. angew. Chem., 52 (1939) 96. 

58 P,. PFEIFFER, Ber., 40 (1907) 4036. 

°4 P. PFEIFFER, Z. anorg. u. allgem. Chem., 87 (1914) 205. For the partial hydrolysis 
of SiC], in ether solution see: W. C. Scuums and A. J, STEVENS, J. Am, Chem. Soc., 
69 (1927) 726. 
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and tin tetrabromide: From freshly prepared solutions of these halides 
with water he was able to extract, by means of ether, the hydrato-hydroxy- 
halides, which still contained for each molecule a molecule each of water 
and of ether bound to them: 


H,O CL 
eee 
(Ha OH 
With ether alone tin tetrachloride forms the etherate 
[(C,H;) 0}, SnCl,. 
The alcoholysis of silicon tetrachloride in an analogous way yields silicic 
acid esters. Occasionally, as by-products, small amounts of organic halides 


are also formed. The decomposition of the addition product is in this case 
then possible in two directions: 


ite Cer gs H 
R—O!) °, ee GI 
—Sic¢y and RE-O- Cl: 
pies Sit 
‘eal Gi Cl" "Cl 


In the case of phosphorus pentachloride the reaction with alcohols usually 
yields organic halides as the product of the main reaction, phosphoric acid 
esters as by-products of the side reaction. Hydrolysis and alcoholysis take 
place in fundamentally the same way as in the case of silicon tetrachloride. 
The yield of organic halide is probably determined primarily by the polarity 
of the R—O-bond, which is still further strengthened by addition on to the 
phosphorus atom. Probably the phosphorus atom has a stronger polarizing 
effect than does the silicon atom. However, in the case of phosphorus 
pentachloride there is still a further possibility of reaction with an alcohol; 
it is conceivable that it reacts in the sense of an ionization [PCl,]+Cl- °°. 

Sulfur hexafluoride has all the electrons of the twelve or dodecadic electron 
shell occupied in the bonds between sulfur and fluorine :— an addition to 
the central atom is therefore no longer at all possible. The hydrolysis 
therefore fails to take place for the same reasons that hold for carbon 
tetrachloride (but it does hydrolyze, though with difficulty!). 

The chlorides hitherto recognized as readily hydrolyzable owe their 
reactivity to the degree of residual possible filling-up of the electron shell 


55 Compare p. 564. The crystalline PCI; has an ionic structure [PCl,] [PCl.]. For 
the structure-analysis by means of X-rays, see H. M. Powe t, D. Crark and A, F. 
WeLts, Nature, 145 (1940) 149. In the gaseous state, on the other hand, it forms a 
trigonal bipyramid, as shown by electron-diffraction measurements. See M. ROUAULT, 


Compt. Rend., 207 (1938) 620. 
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of the central atom:—this latter atom must then usually be an element of 
the second period. Of the chlorides of the elements of the first period, boron 
trichloride, with a sextet of electrons, also has an incomplete octet electron 
shell. It too can therefore add on a lone electron pair from the oxygen atom 
of water or of an alcohol, and this can be followed, respectively, by a hy- 
drolysis or an alcoholysis: 


Rone Cl R. Cl 
“0 eB Cie = eee! 
H~ - >O} H~ My 6 


R—O:BCl, + HCl or HO—BCl, + RCI. 


In the case of boron trifluoride the addition compound is more stable 
as an acid: 
ROH +BF, = H[RO—BF,]. 


Phosphorus trichloride possesses a lone electron pair that can initiate 
an addition reaction. For this reason it is possible that in this case the 
hydrolysis begins with the addition of a proton from the water, followed by 
the building-in of the hydroxyl ion, and then of hydrolysis: 


Ci Ch Cl Gl 
4: ie OH- a CES ks 

CleP ss ++ HOH: —>-' Cl? P?'*H —> Cl:P: — Cl: P:OH+ HCI, etc. 
hel Cl CI 


In the final analysis, the hydrolysis-reaction in this case too, due to the 
building-in of the hydroxyl ion, proceeds by way of the PFEIFFER-theory of 
hydrolysis. In the case of nitrogen trichloride this building-in is not possible, 
hence no hydrolysis takes place although a lone electron pair is present. 

Oxygen-containing Halides. The hydrolysis of oxygen-containing halides, 
that is, of the acid chlorides of oxygen-containing acids, can be considered 
from the same points of view as the hydrolysis of the oxygen-free chlorides. 
Nevertheless, for this case we have no experimental proofs for any definite 
course of reaction, so that for that reason certain doubts prevail. In a few 
cases, however, such doubts should not be raised, as in the case of thionyl 
chloride **. This substance has a vacancy of the octet shell on the sulfur 
atom. As in the case of boron trichloride a lone electron pair of oxygen in 
water or alcohol can move into this vacancy: In the latter case the addition 


** For the formation of the sulfurous acid esters (in the presence of excess alcohols) 
and of the sulfurous acid ester chlorides (in the presence of excess SOCI,) see: W. E. 
BISSINGER and F. K. Kune, J. Am. Chem. Soc., 69 (1947) 2158. Tert.Butyl alcohol 
yields only tert, butyl chloride + isobutane. Data are given for various other alcohols. 
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product can then again decompose in two different ways;—either to form 
an organic halide, or a sulfuric acid ester chloride. In the case of thionyl 
chloride one could also assume the same chemical mechanism as for phos- 
gene or a carboxylic acid chloride, simply by considering as permissible 
alongside of the formula with the semipolar bond, Cl,S —> O, also one with 
a double bond, Cl,S = O. In the cases of sulfuryl chloride, chlorosulfonic acid, 
and phosphorus oxychloride, the hydrolysis may begin as in the case of 
phosphorus pentachloride with the addition of water, with the filling-up 
of the electron shell of sulfur or of phosphorus respectively. But here too 
one must probably reckon with the possibility that a substitution of chlorine 
takes place in accordance with the reaction type Sy 1. In the case of the 
sulfonic acid chlorides *", because of the extraordinary slowness of their 
hydrolyses, a substitution of the type Sy 1I is more probable than is a 
course of reaction involving a primary addition on the sulfur; whence 


R—S—Cl+ HOH -—>» R—S—Cl: HOH *® —» R—S?* Cl : HOH 


O, O, ©, 
R—S*+ + OH- —» R—S—OH 
©, O, 
or 
H 
R—S+t + HOH —» R—S*—OH —» R—S—OH + H*. 
O, O, G. 


The chlorides of the carboxylic acids differentiate themselves from the 
sulfonic acid chlorides by their ready hydrolysis. This is to be ascribed to 
the additive capacity of the C=O double bond; the (S —> O)-bonds of the 
sulfonic group are semipolar bonds, and hence not able to undergo addition 
reactions. The hydrolysis begins with an addition to the double bond of 


the carbonyl: 


F8 H Dal OH 
cH —C i —> CH,—-C—OH -—> CH,—C=0O + HCl. 
“Cl OH Cl 


In like manner the alcoholysis leads to an ester. The well-known lesser 
reactivity of the aromatic acid chlorides may be ascribed to the reduction 


8? For the kinetics of the hydrolysis of the sulfonic acid chlorides see: I. HEDLUND, 
Arkiv. Kem. Mineral. Geol., Ser. A, 14, No. 61 (1940); Chem. Zentralblatt 1941 I, 27. 

58 Such an ionization of the sulfonic acid chloride will also take place in the esteri- 
fication with an alcohol in pyridine solution. In this case the pyridine with a lone 
electron pair on the nitrogen atom will penetrate into the gap in the electron octet 
formed on the sulfur atom; from this position the pyridine is then driven out and 
replaced by the alcohol. Likewise, in the esterification of alcohols with carboxylic acid 
chlorides in pyridine solution, a similar course of reaction will, according to EINHORN, 


probably take place. 
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in the additive capacity of the carbonyl induced by the neighboring aromatic 
nucleus °°. 


(c) Esterification and Saponification (Hydrolysis). 


The addition of water as the first step in the hydrolysis of carboxylic 
acid chlorides, which makes the difference relative to the sulfonic acid 
chlorides so comprehensible, has not yet been experimentally proved. It 
is rather only a hypothesis; it does however find strong support in experi- 
ments that have been made on the hydrolysis of esters, and which must be 
interpreted as primary addition reactions to the carbonyl group. Because 
of the importance of ester-hydrolysis as well as of ester-formation (esterifi- 
cation), the question as to the course of esterification and hydrolysis will 
be taken up as an independent problem. 

The hydrolysis of the esters of strong mineral acids, which attacks the 
carbon atom of the organic radical, has already been discussed on pp. 721, 736 
etc. 8°, The course of the reverse reaction, 7.e. the course of the direct esterifi- 
cation of an alcohol by means of a hydrogen halide acid, has been studied 
much less. The esterification of ethyl alcohol by means of hydrogen bromide, 
which is the only one that has been studied in greater detail *', proceeds 
at 55°C as a reaction of second order. Taking into account the fact that 
hydrogen bromide in alcohol solution is ionized, it follows that the reaction 
is first order relative to each of the ions C,H;OH’, and Br’. Since however the 
first order reaction velocity ,,constant’’ depends strongly on the hydrogen 
bromide concentration, the reaction must take place between the ions 
C,H;OH’, and Br’, in accordance with the equation: 


C,H,OH," + Br’ = C,H,Br + H,O, 


and cannot be the result of a reaction of a dehydrated radical cation accord- 
ing to: 
ROH, —> R’ + H,0O; 
Ko =f Bro = RBr. 


*® Going further into details, the decrease in the additive capacity is probably to 
be explained as follows:—Drawing the electrons over toward the phenyl residue 
discriminates against the formation of the semipolar limiting form of the carbonyl, 


C,H; : C: O: (Compare p. 28) 


Cl 


1.e. the form which is capable of addition reactions. 

*° For steric hindrance in the substitution of aliphatically bound halogen see: 
E. D. Hucues, C. K. INcotp and I. Dostrovsxy, J. Chem. Soc., (1946) 157 etc. 

6 E. GRUENWALD and S. WinsteEtn, J. Am. Chem. Soc., 69 (1947) 2051. Naturally, 


of course, the alcoholysis of C,H,;Br has also been taken into account in these calcu- 
lations, 
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If we consider the formation and saponification of a carboxylic acid ester, 
we have as the end-effect substitution reactions. Because of the absence 
of the WALDEN inversion on an asymmetric carbon atom to which the 
esterified alcoholic hydroxyl group is attached, this end-effect must be 
formulated as follows (Compare p. 543): 


R—C —OH + H—OR 32 R—C—OR + HOH. 
I | 

O O 
In this formulation ® the carbonyl group appears not to participate at 
all in the reaction. The substitutions may however have taken place 
under its co-influence, if the intermediate formation of an addition product 
in which the double bond of the carbonyl has been eliminated is assumed: 


O H OH O H 
Ree es eR ee Re 
“OH OR NOH SOR) Or 


In this case the same additive capacity is ascribed in principle to the 
carbonyl group in acids and esters as it exhibits in aldehydes and ketones. 
The addition products of the latter with alcohol are the hemi-acetals, which 
have been variously isolated, especially in the form of the cyclic type of 
the lactols (p. 276), or have been detected by physicochemical means *. 
The hydrates of the aldehydes and ketones with water can be isolated or 
detected only in rare cases, 7.e. when the additive capacity of the carbonyl is 
increased by means of halogen substitution on the neighboring carbon atom, 
as is the case with chloral. It is however possible, by means of light-absorption, 
which is quite different for the hydrated carbonyl than for the non-hydrated 
carbonyl with its double bond, to establish the fact that in aqueous solutions 
even the ordinary aldehydes and ketones are present to a considerable extent 
as the hydrate forms ®4. It has not been possible by the same method to show 
that a corresponding addition of alcohols to the double carbonyl bond takes 
place in alcoholic solutions of the esters, although for reasons of analogy 
such an addition must be assumed ®. Hence for the esters, in the presence 
of water, and for the acids in the presence of alcohol ®*, we are justified 


6 This problem is discussed in the Annual Reports on the Progress of Chemistry, 
38 (1940) 229 etc. See also J. N. E. Day and Ch. K. Incotp, Trans. Faraday Soc., 37 
(1941) 686. 

63 Compare also H. L. De LEEuw, Z. physik. Chem., 77 (1911) 284; W. HEROLD 
and K. L. Wotr, Z. physik. Chem. (B), 12 (1931) 165; M. PESTEMER and P, BERNSTEIN, 
Monatsh., 63 (1933) 236. 

64 W. HeroLp and K. L. Wo tr, Z. physik. Chem. (B), 5 (1929) 124; 12 (1931) 165. 
Formaldehyde is present almost exclusively as the hydrate. 

65 W. HEROLD, Z. physik. Chem. (B), 18 (1932) 285. 

66 Results of light absorption measurements make this seem very probable: H. Ley 
and B. ARENDS, Z. physik. Chem. (B), 17 (1932) 177. 
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correspondingly in assuming the formation of a hydrate, even though this 
will, because of the generally lesser additive capacity of the carbonyl in the 
carboxyl group, be present to a considerably smaller extent in the equili- 
brium than in the case of an aldehyde or keto carbonyl. But for the trans- 
formation in which this hydrate is assumed as a hypothetical intermediate 
product, it does not at all depend on the amount of this substance present 
in the equilibrium state, but rather upon the velocity with which it is formed 
and transformed further. Since the formation and the splitting of the hemi- 
acetals under the conditions that prevail during esterification and saponifi- 
cation, 7.e. in the presence of hydrogen or hydroxy] ions, do take place quite 
rapidly, it may be assumed, with a considerable degree of probability, that 
a corresponding process takes place in the esterification, and takes precedence 
over a direct exchange of the groups, 7.e. over a true substitution reaction. 
While then, also because of the presumed high velocity of reaction of the 
hypothetical intermediate products, a formulation of the substitution process 
via the addition products seems indeed to strike at the true facts, it is 
nevertheless still unsatisfactory in the form given above, since it fails to 
take into account the catalytic effects of the hydrogen’ or hydroxy] ions §7, 
In the absence of these the reaction takes place much more slowly than in 
their presence. Before we enter into a discussion of the supplementary 
considerations in this direction, we shall first throw a little more light onto 
some processes which we had formerly (pp. 251 etc.) considered from the 
standpoint of the actually isolated substances, and of the empirical equations 
representing these as a true substitution. 

The acyl-migration, which must be looked upon as an intramolecular 
cross-esterification, seems, on the basis of the theory of addition, just like 
the esterification inter-exchange between two molecules, to be aconsequence 
of an addition process. According to a surmise first expressed by EmIL 
FISCHER ®8, this may now be considered as a reaction-sequence which takes 
place without violating the principle of the least possible structure change, 
and proceeds via a cyclic compound, somewhat as follows: 


CH,OH 4 CH,—O. OH i aa 
nana Sond, ROTO SCH,. be CHO 
| 
CH,OH CH,OH CH,OH 
6-Glyceryl mono-acetate a-Glyceryl mono-acetate 


*? The influence of the hydroxyl ion as a catalyst for the acyl-migration was inves- 
tigated by B. HeLrericu and W. KLEIN for the case of partially acylated sugars- 
Ann., 455 (1927) 173; see also B. HELFericu, H. BREDERECKand A, SCHNEIDMULLER 
Ann., 458 (1927) 111. 

*8 E. Fiscuer, Ber., 53 (1920) 1624; 51 (1918) 51. 
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While no cyclic compound corresponding to the hypothetical intermediate 
products has as yet been isolated in a pure state, it has however been proved 
that the mono-(trichloroacetic)-acid ester of glycol can react tautomerically 
in the sense of an acyclic as well as of a cyclic form ® (p. 293): 

aA) apie): es Be 
ioc Hon C1 >C—CH pay Tl ve 


| ‘50 O—CH O 
ee Tae Ret al : 


N 


OH CH,N O—CH 
cams ena ae te UCC 
Cech: No_ds, 


The position of the equilibrium of the two forms has not yet been deter 
mined, but it is nevertheless certain that in this equilibrium the cyclic 
form is far more favored than in other cases, because of the neighborhood 
of the halogen which augments the addition-reactivity of the carbonyl group 
(p. 292, p. 582). But one is not justified on the basis of the thus detectable 
existence of this compound alone to draw conclusions as to the correctness 
of the hypothesis expressed by Emit FiscHER as to acyl-migration, and 
at the same time as to the general correctness of the addition-theory of ester 
formation. One is rather only justified in drawing this conclusion from the fact 
of tautomerism, i.e. the rapid establishment of the equilibrium between 
the two forms, -for we may assume that the latter at least is of the same 
order of magnitude in this case also as for the non-halogenated acids. While 
no proof is available as yet for this assumption, it is at least known that 
the rate of esterification of the halogenated acids is of the same order of 
magnitude as that of other acids, so that there is no logical reason for assum- 
ing that these other acids should exhibit a very low rate of addition as 
compared with that for trichloracetic acid. 

Many other acyl migrations that have been observed will have to be 
conceived as of the same type as are the acyl migrations in the esters of 
polyvalent alcohols, in so far at least as analogies seem to make it probable 
that the establishment of equilibrium with the hypothetical intermediate 
product will occur fairly rapidly. Thus for example the acyl migration 
(p. 257, p- 267) observed in the reduction of ortho-nitro-benzoyl-phenol 
can be explained by assuming the formation of a heterocyclic five-membered 
ring, which then re-opens at some other point than that where ring-closure 
took place, as was already discussed previously (p. 267). 


69 Hf. Hrepert and M. E. Greic, Canadian J. Research, 4 (1931) 254 (Chem. Zbl. 
1931 I, 3667), where they cite also H. H1spBerT, Ber., 65 (1932) 199; H. MEERWEIN and 
H. SOnxKE, Ber., 64 (1931) 2377. 
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The courses of esterification or saponification reactions formulated by 
means of an addition to the carbonyl group can also, as was emphasized 
from the very beginning, not as yet be represented completely, since in them 
the catalytic influence of hydrogen and hydroxyl ions does not yet find proper 
expression *°, In order to make comprehensible the significance of these ions 
for the course of the reaction, one is forced to make hypotheses on the 
addition of hydrogen or hydroxyl ions which cannot be subjected to a direct 
experimental proof, but which we may, on the basis of various considerations, 
view as applying with a considerable degree of probability. The fullest discus- 
sions on these considerations are those of E. H. INGoLD and Ch. K. INGorp 7. 

In the case of alkaline saponification we simply replace the addition of 
water to the carboxyalkyl as formulated above by the addition of hydroxyl 
ion 3 


O O- O- 
ik ile OH’ E>) tone pee Oe 
SOR SOR 0 


This course of reaction, in which in the final effect the bond between the 
simply bound oxygen atom and the carbonyl carbon atom seems to be 
broken or dissolved, is in accordance with the fact that the WALDEN inver- 
sion has never been observed (pp. 543546) to take place during the alkaline 
saponification of optically active alcohols the alcoholic hydroxyl of which 
is attached to an asymmetric carbon atom. 

This last circumstance is of fundamental importance for the formulation 
of hydrogen-ion catalyzed saponification. From the very beginning, if one 
assumes the addition of hydrogen ion to form an anion compound, followed 
by its dissociation, we have given three possibilities for the course of the 
reaction:—KEither the addition-reaction of H+ takes place on the doubly 
bound oxygen atom: 

ol _OH _OH _OH 


[2 3—=6 a Ht —> -—¢ —> —C_ mn BES + Rt 72a 
“OR “OR ‘OR SO 
+ 


or H* adds to the singly bound oxygen atom; in this case, however, the dis- 
sociation of the onion compound 73 may take place in either of two ways: 


7 In strict reality it is not correct to speak of catalysis by OH’ in this case, since 
the OH’ ion is used up during saponification. 

7 Epity Hitpa INGoLp and CHRISTOPHER KELK INGOLD, J. Chem. Soc., (1932) 756. 

As to the significance of a corresponding hypothesis for the influence of OH’ or 
CN’ ions on the addition of HCN unto carbonyl compounds (Compare p- 583), see 
A. Lapwortu, J. Chem. Soc.. 83 (1903) 1000, and 85 (1904) 1206, 1215, 

7a The author here switches again from the H’; R’: etc. to the H+, R+, etc. sym- 
bolism (F. H. R.). ( 

8 The double bond between the C and the O can in this case still also add H,O. 


Compare the explanation and discussions of I. R. Roperts and H. C. Urry J. Am, 
Chem. Soc., 61 (1939) 2584. 
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a O es Ler Rt 
See Oe HS Bee ot 5 at pe OH 
OR OR 
i o>b™ ee 
C”  +HOR ; 
a) R+4H,0 = ROH + H?- 
O O 
bier ene TO ae oe ae 
+ OH 


Only in the case of the course of reaction II b does the O—R bond appear 
unattacked; in the case of either I or IIa intermediate ions would have to 
be formed, and their formation would at least occasionally have to lead 
to a WALDEN Inversion or a racemization 7, 

The reaction scheme II b must still be, for reasons that can first be discussed 
only in Volume II, Chapter XIX, 77, b, considered as incomplete 7°. It can 
not be assumed that a positively charged C-atom, bonded to two atoms 
only, makes its appearance here. Still another reaction, the addition of 
water to the carbonyl, comes in between: 


OH O HO—R 
ae ORI, MESEE ee od ah pars 
“OR ——> \\3 Nols dee oh 
H OR 
H 


Further than this, the formation of positively charged alcohol radicals 
during the acid saponification of esters is excluded by the results of a 
carefully directed hydrolysis of the esters of alcohols of the allyl type: for in 
this case the alcohols are recovered again ina pure state “*, as for example: 


O 
eee a OC Ci 6s Ci CM CCH On 





Crotyl acetate -Methylallyl alcohol (Crotyl alcohol) 
O 
Pe estes 0. CH. Ceo CH 0 
| —— 
CH, CH, 
a-Methylallyl acetate a-Methylallyl alcohol. 


74 Compare in this connection also K. F. BONHOEFFER and O, Reitz, Remarks on 
the Mechanism of H* Catalysis, Z. physik. Chem. (A), 179 (1937) 135. If the reaction 
occurs more rapidly in D,O than in H,O, a pre-equilibrium will be established between 
the oxonium ion and H: (via II as Ingold assumes); if the reaction in D,O is slower, 
then the oxonium ion will decompose or dissociate more rapidly than the equilibrium 
is established. The latter is the case in the mutarotation of glucose. Confirmation 
of the course of reaction by the scheme II b is furnished by experiments on the exchange 
of H and D in the acid hydrolysis ofesters: C.S. DATTA, J.N.E. Day, and C. K. INGOLD, 
J. Chem. Soc., (1939) 838; compare also E. D. HUGHEs, C. K. IncoLtp and St. MASTERMAN, 
Ibid. p. 840. 

7 Compare also the discussion by I. R. Roperts and H. C. Urey, J. Am. Chem. Soc., 
61 (1939) 2584. ; 

7% FE. H. INcotpand C. K. INGOLD, loc. cit. 71. The absence of rearrangement in alkaline 
saponification was proved by C. PrEvost, Ann. Chim. [9], 10 (1928) 147. 
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If during the course of this reaction the positively charged allyl radical 
should appear even momentarily, this would certainly suffer an allyl 
rearrangement %: 

CH,—CH=CH—CH,* == CH,—CH—CH=CH,, 
~ 
y-Methylallyl ion a-Methylallyl ion 


just as in all other cases where its formation is to be assumed. This would 
result in the formation of a mixture of the isomeric alcohols. 

The relationships are of course still further complicated by the fact that 
besides the hydrolysis produced by acids and bases, a hydrolysis by water 
alone is also possible. While in the case of the carboxylic acid esters this 
does of course usually take place so very much more slowly than does the 
H’ and OH’ catalyzed hydrolysis that it cannot even be detected relative 
to the others, it can nevertheless become appreciable in some cases for 
esters of suitable structure. This is the case for the phthalic acid esters of 
the substituted allyl alcohols. In strongly alkaline solution these undergo nor- 
mal hydrolysis, breaking between the acyl and the alkoxyl, R—O— CO—R’, 
but in weak sodium carbonate solution, in which hydrolysis by water alone 
predominates, the fission takes place between the alkyl and the carboxyl, 
R—O—CO—R’, for in the latter case an allyl rearrangement, which may be 
combined also with racemization, occurs. Thus, for example, the «, y- 
dimethylallyl alcohol, 

CH,—CH=CH—CHOH 

bu, 
formed by hydrolysis of its phthalate ester in weak, but not that formed in 
strong, alkaline solution, is racemized “8. Likewise «-phenyl-y-methyl-allyl 


CH,—CH=CH—CHOH 


CoH; 


alcohol is racemized and undergoes allyl rearrangement to a-methyl-y- 


phenyl-allyl alcohol when its phthalic acid ester is saponified by weak alkali, 
but not when hydrolyzed by strong alkali 79. 


™ Compare p. 398. See in addition also H. Burton, J. Chem. Soc., (1928) 1650; 
J. MEISENHEIMER, W. Scumipt, and G. ScHAFER, Ann., 501 (1933) 131. 

78 J. Kenyon, S. M. PARTRIDGE and H. Puituips, J. Chem. Soc., (1936) 85; H. W. J. 
Hits, J. KENyon and H. Puituips, Jbid., (1936) 582. See also ref. 79. 

9 J. Kenyon, S.M. PartripGeand H.PHILtips, J. Chem. Soc., (1937) 216; (1939) 1697. 

See also for both 78 and 79, M. P. Batre and J. Kenyon, Trans. Faraday Soc. 37 
(1941) 721 etc.. Furthermore E. D. HuGuEs, C. K. Incotp, and A. G. CATCHPOLE, 
J. Chem. Soc., (1948) 1, etc. For methyl-ethyl-allyl alcohol and its derivatives, see: 
R. S. Arrs, M. P. Batre, and J. Kenyon, J. Chem. Soc., (1942) 18. Phthalates of 
secondary alcohols with an aromatic residue on the asymmetric carbon atom can be 


—_————— 
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In the case of the tertiary alcohols, in which the radical with the quater- 
nary carbon atom likewise showsa tendency to form a cation, a non-catalyzed 
alcoholysis corresponding to the purely aqueous hydrolysis, with fission 
occurring on the tertiary C—O-bond, has in some cases been definitely estab- 
lished. When tert-butyl benzoate is boiled with methanol, tert.butyl methyl 
ether and methyl benzoic ester are formed. These products can be explained 
only on the basis of an alcoholysis involving a fission according to the 
equation *°: 


a. 
(CH,), >C—O-CO-C,H,+2CH,OH = (CH,), >C-O—CH,+CH,O-CO-C,H,+H,0. 


The various possibilities for ester-hydrolysis have been compiled and 
summarized by INGOLD and Day into the following classification *!: 


I. OH’-catalyzed saponification ; fission only, between alkoxyl and acyl: 


R’ R’ 15 a 


, — 
feaold “CAGRi SS Hoc oR its Holc* 4 "oR. 
O74 a) -9 | 
O 


Il. H’-catalyzed hydrolysis; fission between alkoxyl and acyl: 


i” * Ht *siow ) LR” 
ae oe oe < 
ata) Fe > “COLOR: > re! 8 Serums C+ + HOR: 
O77 O* fast Ort 
R’ tania. OR; R’ 
ba eel m= aS sie 
C+ + OH ; 2: C—OH = * 
ie , slow ce sith Yee ae Fin 
Rt R’ H 
by) (Azzy HH! SC-oR <>; ° ~C—OR;: 
Oe On 
RS Pes! z LpR 
C—OR +H,O — H,O—C + HOR. 
o* i?) 


racemized on hydrolysis. In the case of H’ ion catalysis, the rate of racemization in- 
creases in the order: 


cyclo C,H,,—CH(C,H,)OH (I), CH,;—CH(C,H,)OH (II), CH,CH(«-C,)H;)OH (II) 


In weakly alkaline (soda) solution «-phenylethy] alcohol (IT) and methyl-«-naphthyl- 
ca1binol (III) are also racemized. Methyl-$-naphthylcarbinol is racemized up to 48% 
by 0.05 N soda solution, but not at all by a concentrated alkali solution. In the case 
of the phthalate ester of $-octanol not even a trace of racemization is observed. 
(M. P. Barre, G. H. Beavan and J. Kenyon, /. Chem. Soc., (1951) 376; M. P. BALFE, 
J. Kenyon and C. E. SEALE, I[bid., 380.) 

80 G. S. ConEN and A, SCHNEIDER, J. Am. Chem. Soc., 63 (1941) 3382. This paper 
also describes some experiments made on fert. butyl-2,4,6-trimethylbenzoate. 

61 J, N. E. Day and C. K. INGOLD, Trans. Faraday Soc., 37 (1941) 704. The classi- 
fication symbols used by Day and INGOLD are enclosed in parentheses. 
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III. H’-catalyzed hydrolysis: fission between alkyl and carboxyl: 


IR H slow 
aia (Att nt Geli Re «=e ie Rie 
on rapid 


TO #.RtS H,ORne SHileROM ene 


Re H + 
b) (A’2) ~C-OR+H,O Zz HOOC-R+H,OR -—> ROH +Ht?. 
Ore 


IV. Aqueous hydrolysis only: fission between alkyl and carboxyl: 


R’ slow Rus 

pn ies 

a) (B"I CEOR | asc" Bie Gime es 
Odeo fast of 


+ 
Rr HO => BOR’. 
RN RN + ; 
5) GB"2)t 0 = C [ORR > C—O-+H,OR —> ROH +H. 
, On. O~ 


Examples for the individual types are as follows: 
I. Generally well known. 

IIa. Only conceivable in strongly ionizing solvents; observed in concen- 
trated H,SO, on the methyl ester of 2,4,6-trimethylbenzoic acid *. 

IIb. Well known H’-catalyzed hydrolysis and alcoholysis. 

Illa. Esters of triphenyl carbinol *. 

IIIb. No examples known. 

IVa. Purely aqueous hydrolysis of allyl esters, alcoholysis of ¢ert.-butyl 
benzoate, and of ¢ert.-butyl-2,4,6-trimethylbenzoate; see also above 
under IIa, also p. 747, footnote 8o. 

IVb. Purely aqueous hydrolysis of the B-lactones (See Volume II, Chapter 
XX). 

The course of the hydrogen-ion-catalyzed ester hydrolysis, such as it 
may be assumed to be with a fair degree of probability on the basis of 
INGOLD’s considerations and thoughts on the subject, shows that the process 
which in its end-effect here appears to be a substitution reaction cannot 
be viewed simply as the consequence of an addition reaction to the double 
bond in the carbethoxyl group, -such as was the case, however, in alkaline 
hydrolysis. For this reason one ought, -even though formally some substitu- 
tions, as in the case of alkaline hydrolysis, can still be considered and formu- 
lated as addition reactions to a double bond, followed by subsequent fission, — 
to be careful about too far-reaching generalizations of analogous schemes, 
especially as conclusive proofs for a particular course of reaction are as yet 


** Compare H. P. TREFFERS and L. P. HAMMETT, J. Am. Chem. Soc., 59 (1937) 1708. 


88S. T. BowpeEn, J. Chem. Soc., (1939) 310; (1940) 874. Also C. K. INGoxp, J. Chem. 
Ind., 58 (1939) 81. 
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available for probably not a single case. How difficult it is to bring such 
proofs by purely chemical methods shall now be shown by a comparison 
of the reactions of aromatic and unsaturated compounds. 


(d) Behavior of Unsaturated and of Aromatic Compounds toward 
Sulfuric and Nitric Acids 


The examples given so far show that the concept of a substitution as 
preceded by an addition reaction is entirely justified in a large number 
of cases. In the case of saturated tetravalent carbon, however, this assump- 
tion seems to be a little beside the mark. The important substitutions on 
the aromatic nucleus have as yet not been subjected to the circle of our 
consideration; they indeed require a special investigation. 

The benzene ring does not in general tend to undergo addition reactions. 
One might therefore be inclined to accept direct substitution reactions in 
this case. Formally, however, addition reactions are readily constructible ,— 
if one uses the KEKULE formula and ascribes to the double bonds therein 
an additivity analogous to that of the ordinary (olefinic) double bonds. 
With this concept of the KEKULE formula the aromatic compounds seem 
to have been moved into parallelism with the unsaturated compounds. As 
a matter of fact, as will be shown below by means of individual examples, 
similar substitutions can be effected on both aromatic nuclei and on unsatu- 
rated olefinic compounds, and these reactions can, furthermore, be described 
by means of a single uniform scheme of reaction. This simplification of our 
concept of the state of affairs is naturally very tempting ; the corresponding 
formulations have therefore found numerous adherents, the more so as it 
was believed possible to bring conclusive proof for their correctness. More 
recently, however, it has been found with certainty, that the analogy be- 
tween the unsaturated compounds and the aromatic compounds does not go 
so far in this direction as had formerly been thought, or at least tacitly 
assumed. Because of the close relationship and the aliveness of the problems of 
substitution in unsaturated and in aromatic compounds, the problem as to 
the course of a substitution reaction must even now be considered in common 
for both types of compounds, at least in so far as the fundamental outlines of 
the reactions are concerned. The detailed peculiarities of substitutions on an 
aromatic nucleus, and in particular the well-known rules of orientation, which 
of course are closely related to the chemical mechanism of the substitution, 
cannot be satisfactorily encompassed by the use of classical structural 
formulas, even with the aid of an essentially only formal electron theory of 
valence. They must therefore be discussed in an entirely different connection 
(Vol. II, Book IV, Chapter XIX); here we can only intimate a little thereof. 

The viewpoint that the reactions of unsaturated and of aromatic com- 


750 COURSE OF CHEMICAL REACTIONS >, 4 


pounds must be formulated similarly or the same was already put forward 
by THIELE *. It received very strong support by the establishment of the 
fact that reactions that had formerly been considered as limited entirely 
to aromatic compounds could also be realized in the case of unsaturated 
compounds. This is true in particular of nitration, sulfonation, and of the 
Friedel-Crafts reaction (Compare p. 755). It was only natural that the 
assumption of a similarity in the course of reaction began to be accepted 
widely. This viewpoint was put forward especially by WIELAND *°, who 
also tried to support it by means of experimental evidence. The three reac- 
tions cited will now be dealt with one after the other. Halogenation will also 
be considered, for which, without any special proof, WIELAND assumed the 
same scheme as a foundation as for the other reactions. 


(1) Behavior of Unsaturated Compounds to Sulfuric Acid and to Nitric Acid 


Quite generally strong acids add to a double bond as follows:—the acid 
hydrogen adds to the one, and the acid radical to the other of the doubly 
bound carbon atoms (Compare p. 578). In various cases, however, reaction 
products the structures of which indicate that some other type of addition 
has taken place, corresponding to the addition scheme for the very weak 
hypochlorous acid, have also been found. From this fact it seems as if the 
oxygen-containing acid dissociates in such a way that the fragments, 
hydroxyl and acyl radical, are formed (as for example HO and NO} in 
the case of nitric acid), which then proceed to add on to the double bond. 
As will be shown immediately, however, this concept has not been able to 
hold its ground. 

When nitric acid acts on unsaturated hydrocarbons 8, it is found that 
various kinds, of reaction products are formed, depending on the nature 
of the hydrocarbons used: 


(a) Ethylene and nitric acid give the nitric acid ester of 6-nitroethyl 
alcohol °°; CH,—ONO 


CH,—NO, . 


(0) a-x-Diphenylethylene gives «, «-diphenyl-8-nitroethyl alcohol 88; 
C.Hs~ 


2 


C,H,~ | 
CH,—NO,. 
84 J. THIELE, Ann., 306 (1899) 128. 
85 See detailed list of literature below, refs. 86-91. 
*° For the older literature see H. WIELAND and E. SAKELLARIOS, Ber., 53 (1920) 202 
87 H. WIELAND and E. SAKELLARIOS, Ber., 53 (1920) 201; R. ANScHOTz and E. 
Romic, Ann., 233 (1886) 327; R. Anscutrz and A. HILBert, Ber., 54 (1921) 1854 
A. KEKULE, Ber., 2 (1869) 320; compare also Ber., 54 (1921) 1854. 
*8 H. WIELAND and F. Raun, Ber., 54 (1921) 1770. 
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(c) Iso-butene gives nitro-iso-butene 89, 

(CH,),>C=CH—NO,. 
(d) Lvimethyl-ethylene gives nitro-trimethylethylene ; 


(CH),C=C7 
“CH, 

Further examples for this mode of reaction are the nitration of styrene 
to w-nitrostyrene, CgH;—CH=CHNO, ®, of cholestene to nitrocholestene, 
and of cholesteryl chloride to nitro-cholesteryl chloride %. 

The assumption that nitric acid adds on to a double bond in accord with 
the schematic formula HO— NO, seems then, on the basis on these experi- 
mental results, to be very natural. In the case of «, «-diphenylethylene (bd) 
the addition product itself is isolated; in the case of ethylene (1), only its 
nitric acid ester; in the case of zsobutene (c) and trimethylethylene (d), 
the dehydration product. In the last two cases then, we would have not 
a direct substitution at all. This matter will be discussed further on p. 754. 
This interpretation, so close at hand, is that given by WIELAND *. 

Experiments made by MICHAEL and CARLSON *3 show, however, that the 
enticing explanation of WIELAND cannot be correct in this simple form. 
For the nitration of unsaturated hydrocarbons by nitric acid is always 
observed only when oxidation reactions simultaneously take place to a 
considerable extent. Pure nitric acid yields, when oxidation reactions are 
precluded,—this is possible by operating at —20°C in CCl,, CHCl, or 
CH,Cl, solution—, only the nitric acid esters. 

This could be shown in the case of isobutene, which gave fert-butyl 
nitrate, (CH,),C—ONO,, as well as in the case of trimethylethylene, which 
gave amylene hydrate nitric acid ester, or «, «-dimethyl-n-propyl nitrate: 


CH CH,CH, 


bie gaff 
CH,” “ONO, . 


Cyclohexane reacts exceedingly slowly with pure nitric acid, and does 
not then yield any well-defined reaction products. 
The appearance of the nitro group is therefore due not to the action of 


89 ., HAITINGER, Ann., 193 (1878) 382. 

99 EK, Simon, Ann., 31 (1839) 269. 

91 K. Preis and B. RAYMAN, Ber., 12 (1879) 224; compare also J. MAUTHNER and 
W. Suipa, Monatsh. f. Chemie, 15 (1894) 104; A, Wrnpaus and O. DaLMER, Ber., 52 
(1919) 168. 

92 H{. WIELAND, Ber., 53 (1920) 203. ; 

% Cf. This Volume, p. 580, ref. 13, also A. MicHarr and G. H. Cartson, J. Org. 
Chem., 5 (1940) 1, 14. 
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the nitric acid itself, but rather to the nitrogen oxides (Compare p. 581) 
formed by its reduction. It is these oxides which first add on to the double 


bond, as for example %: 


CH, ONO CH,—ONO Hg) italy 
| + | =? Fl Hydrolysis of the 
CH, NO, CH,NO, nitrous acidester CH,—NO,, 
or 
Chis ONO CH,ONO O CH,—ONO 
| +] aaa i) —— 
GH, NO CH,NO Oxidation CH,—NO,. 


In a number of cases also, the addition of nitrogen oxides has even been 
used as a-preparative method for the production of nitrated unsaturated 
hydrocarbons, as for the preparation of @-nitrocamphene from camphene %. 

The principles involved in WIELAND’s conception will be discussed in 
detail further on. The nitration of unsaturated hydrocarbons, that appears on 
the surface so much like a substitution, is regarded as the result of an ad- 
dition and fission reaction-sequence. Nothing in the experimental results of 
MICHAEL can be considered as contrary to this view. These experimental 
results do, however, stand in the way of the application of this concept of 
nitration to the nitration of aromatic compounds, as will be discussed 
soon below. 

The more detailed investigation of the action of sulfuric acid on unsatura- 
ted compounds likewise led MIcHAEL ®° to a course of reaction different 
from that preciously generally accepted: As a result the analogy of this 
reaction to the sulfonation of aromatic compounds must likewise be abandoned. 

It has been known for a long time already that fuming sulfuric acid 
reacts with ethylene to give ethionic acid, HO,;S—O—CH,—CH,—SO,H, 
while concentrated or moderately diluted sulfuric acid adds on to form 
ethylsulfuric acid, CH;—CH,—O—SO,H. This same difference is observed 
in the case of other olefins. These differences in the courses of the reactions 
were formerly interpreted by saying that sulfuric acid could add on in two 
different ways. In the one case it added by way of the fission H —OSO,H, 
analogous to H —Cl, to form a sulfuric acid ester: in the other case by way 
of the fission HO—SO,H, to form an «-hydroxysulfonic acid, iso-ethionic 
acid, which then immediately reacts, or esterifies, with further sulfuric 
acid to yield ethionic acid: 

me 5 ve _ CH,OH H,SO, CH:—O—SO,H 
Chi gs Ont CH,SO,H ce; AG He Ours 
tso-Ethionic acid —» _ Ethionic acid. 


+ H,0 





4 P. Lipp. Ann., 399 (I913) 250. 
®5 A. MICHAEL and N. WEINER, J. Am. Chem. Soc., 58 (1936) 294. 
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MICHAEL was now able to show that sulfuric acid never adds on to a 
double bond by means of the fission HO—SO,H, any more than does 
nitric acid by way of the fission HO— NO.. 

What does add on is pyrosulfuric acid: 


CH, OSO,0H CH20—S0.1 
ee vale ae 
CH,. SO,0H CH,—SO,OH . 
The ethionic acid is therefore formed as a primary addition product, and 
not via the formation of 7so-ethionic acid. 


(2) Nitration and Sulfonation of Aromatic Compounds 


The hypotheses of addition to explain aromatic substitution in the case 
of nitration and sulfonation do however demand just exactly an addition 
of sulfuric and nitric acids in accord with the fission mechanisms HO—NO, 
and HO—SO3H. The hypothesis of addition when thus consequentially 
transferred in its application from unsaturated to aromatic compounds 
demands an addition to a KEKULE double bond, leading to the formation 
of a dihydrobenzene derivative, which can then in a second step split off 
water to again form a benzene ring derivative: 


H H H 
C C OH * 
a te SE SF a 
Pe AST IT VET His ttt HC 6 6CH 
feo. | WES Te ee aan ies | +f HO 
HC CH NO, C CH H CNO, 
ee ee Se (he 
| | | 
H H H 


The necessary assumption for this course of reaction,—that the fission 
reaction must always take place very rapidly, since no one has ever succeeded 
in isolating the dihydrobenzene assumed as an intermediate product,—is 
supported by the behavior of numerous other dihydrobenzene derivatives, 
which usually pass over very easily into benzene derivatives. 

The analogy emphasized by THIELE, WIELAND, and numerous other 
investigators, between the nitration and the sulfonation of aromatic com- 
pounds, and the reactions between nitric and sulfuric acids and the olefins, 
can now, in view of the experiments of MICHAEL, as already brought out, 
no longer be maintained. Not only that nitric acid reacts differently in the 
two cases, but that even nitrogen dioxide reacts differently. While in the 
case of unsaturated compounds it adds on smoothly, it reacts on benzene 
only weakly, almost inertly;—the fraction of benzene that is nitrated is 
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only very small %*, Reversely, pyridine and quinoline, which are attacked 
only with difficulty by nitration acid, are acted upon considerably more 
easily by nitrogen dioxide, already at 20°, though better at 115—120°C, to give 
moderate yields of the nitro-derivatives 9%. 

As further evidence against the general validity of the scheme of nitration 
and sulfonation as set up by the addition hypothesis, we have also the 
already long known fact that saturated compounds can likewise be nitrated % 
and sulfonated, and indeed, relatively easily, if they possess a hydrogen atom 
on a tertiary carbon atom, as in the case of di-isopropyl: 

(CH,),>CH (CH,),>C—NO, 
(ae HON Dake ae Hecr9 
(CH,),>CH (CH,),>CH 

This reaction has even been used as a method for separating saturated 
hydrocarbons with a tertiary hydrogen from other saturated hydrocarbons °°. 
It must be observed, however, that CH, groups are also attacked by nitric 
acid to form secondary nitro derivatives 1°. 

Since in the case of all these nitrations nitrous gases are formed, the 
question remains open whether these nitrous gases or the nitric acid itself 
has acted as the direct nitrating agent. On the other hand, in the formation 
of aliphatic sulfonic acids from the paraffins, it is certain that only the 
sulfuric acid as such has acted. A mode of reaction of sulfuric acid with 
aromatic hydrocarbons analogous to the scheme established by MicHaEL 
for the addition of pyrosulfuric acid to double bonds must therefore be 
considered as excluded from consideration. Hence for sulfonation of aromatic 
compounds as for the nitration of aromatic compounds, one cannot get around 
the assumption of a direct substitution, that must take place according 1o one 
of the schemes of substitution on a saturated tetravalent carbon atom as discussed 
above on p. 718 1°, 

This problem will be discussed further in Vol. II, Book IV, Chapter XX. 


% A. I. Titov, Chem. J. Ser. A, J. Gen. Chem. (U.S.S.R.), 7 [69] (1937) 591, 1695; 
Io [72] (1940) 1878; compare Chem. Zbl. 1938 I, 301, 1098; 1941 I, 2233. Furthermore 
A. I. Titov, J. Gen. Chem. (U.S.S.R.) 18 (1948) 733: A. I. Titov and A. N. Laprevy, 
Ibid., 18 (1948) 741. . 

Ke P. P. ScHoryein and A. W. ToptscHijEw (A. V. TopscurvEv), Chem. J., Ser. A, 
J. Gen. Chem. (U.S.S.R.), 7 [69] (1937) 193; Chem. Zbl. 1937 II, 4039. 

ae M. Konowatow, Ber., 28 (1895) 1852. cf. also A. I. TrTov, ref. 96 above. 

°° W. W. MarKownikow, Ann., 302 (1898) 1; Ber., 30 (1897) 1222; compare also 
A. I. Titov, reference 96 above. 

100 M. Konowa.ow, W. MARKOWNIKow, loc. cit. 98, 99; S. NAMETKIN, Ber., 42 (1909) 
1372, aS well as numerous other articles; most recently, R. F. Mc CLeary and E. F. 
DEGERING, Ind. Eng. Chem., 30 (1938) 64; H. B. Hass and J. A. Patterson, Ind. Eng. 
Chem., 30 (1938) 67. ‘ 

es W. MARKOwWNIKow, Ann., 302 (1898) 1; Ber., 30 (1897) 1222; compare also 
A. I. Titov, reference 96 above. 
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The way that leads to sulfonic acid and to nitrocompounds must then be 
a different one than that of an ordinary addition to a double bond. This way 
is indicated by the investigations on the course of halogenation 1, the 
results of which can be applied to sulfonation and nitration 1, Thus, for 
example, it is assumed that in a nitration the nitric acid reacts in accord 
with a fission into the ions 4 NO,” and (OH-HNO,), which is favored by 
addition of sulfuric acid in the preparation of nitration acid mixture: 


HO—NO, +.2H,SO, <= - NO,* + 2HSO,’ + H,O° 1%, 106, 107. 


The NO,” ion adds on to the carbon atom of the benzene ring, where-upon 
the hydrogen atom attached to the same carbon atom leaves as a proton: 


H H 
G : 
Paes Se et 
a e NO,*[HS04)] Hoy CH HSO,’ 
of or = | H + or 
HC CH (OH’-HNO,) = ot OH’-HNO, 
SC Pe (caa) NO, 
H H 
H 
am 
HG... CH H,SO, 
= | | 1. or 
HC’ C—NO, H,O + HNO; . 
ee 
H 


In a corresponding way it is possible also to formulate sulfonation by 
means of the ion *SO,H. For a further discussion “f substitution on the 
aromatic nucleus see Vol. II, Chapter XIX. 


(e) The Friedel-Crafts Reaction 1°* 


The FRIEDEL-CRAFTS reaction can be, as has been known for a long time 
already, carried over from the aromatic to the unsaturated compounds. 
These unsaturated compounds react with acid chlorides and aluminium 
chloride to form unsaturated ketones. Unlike the compounds of the 


102 This Volume, pp. 760 etc. 
103 For a thorough discussion of nitration, sulfonation and bromination as electro- 


philic substitutions, see: A. E. BRADFIELD and B. Jones, Trans Faraday Soc., 37 
(1941) 726. 

104 Such a fission was assumed already by W1. OstwaLb, Grundriss der allgemeinen 
Chemie (Foundations of General Chemistry), 4th edition, 1909. Also by H. von EULER, 
Z. angew. Chem., 35 (1922) 580. 

105 G. M. BENNET, Chemistry and Industry, (1947) No. 4, 59. 

106 FE. D. Hucues, C. K. Incotp, and Coworkers, Nature, 158 (1946) 448, 480, 514. 

107 For further papers on the nitration reaction see: E. D. HuGues, Cu. K. INGOLD 
and Coworkers, J. Chem. Soc., (1950) 2400, 2441, 2452, 2467. 

108 A complete summarizing review 1s given by C. D. NENITZESCU, Z. angew. Chem., 
52 (1939) 231. Compare also G. KRANZLEIN, Aluminiumchlorid in der organischen 
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aromatic series, the unsaturated compounds do not react with alkyl halides, 
probably because aluminium chloride destroys these unsaturated sub- 
stances faster than these can undergo reaction with the less reactive 
organic alkyl halides. But, as was found out much later on 1° saturated 
hydrocarbons, both of the aliphatic and of the alicyclic series, can be brought 
to react with acyl halides and aluminium chloride; furthermore, the variant 
of the FRIEDEL-CRAFTsS synthesis, the synthesis of aldehyde by means of 
CO + HCl -+ AICI, according to GATTERMANN-KocH, can be carried out 
on saturated aliphatic and alicyclic hydrocarbons. The establishment of 
this fact seems at first sight to shatter, or at least weaken, a conclusion by 
analogy formerly made in regard to the FRIEDEL-CRAFTs reaction for aroma- 
tic and unsaturated compounds on the basis of the hypothesis of addition 
reactions, and that had been used to formulate the course of the reaction,— 
for the addition-hypothesis is not valid for saturated compounds. Exhaustive 
investigations have however finally shown that in the case of the saturated 
compounds the reaction does actually proceed by way of an intermediate 
step involving an unsaturated compound. The circumstances in this case 
are then different from those prevailing in the case of nitration and sulfo- 
nation, and this not only as regards the behavior of the saturated compounds 
themselves, but also as concerns the analogy between the saturated and the 
unsaturated compounds. As may be stated at once, this analogy actually 
exists in this case, and not merely in a formal way as the final result of a 
reaction, as it was in the case of nitration.- 

Before we can enter further into this matter, we must first clarify the 
situation as regards the mode of reaction of the saturated compounds, 

The course of the reaction depends on the nature (composition or state) 
of the aluminium chloride used. Thus in the case of cyclopentane and acetyl 
chloride, when we use pure anhydrous aluminium chloride we obtain the 
product methyl-cyclopentyl ketone (acetyl cyclopentane), 


Hy, 
ess 
HCie © CHy 20 .OAIC | GHS OH ro 
| [itt CHy CO Cle pS, ee SSOsuGrs 
Hyeeeuecr, CH,—CH, | 


CH, , 


Chemie, (Aluminium Chloride in Organic Chemistry), Berlin 1932, 3rd edition 1939. 
Also P. KRANZLEIN, Progress in the Field of the Friedel-Crafts Reaction and its Tech- 
nical Applications in Z. angew. Chem., 51 (1938) 373; and finally also N. O. CALLAWAY, 
Chem. Rev. 17, (1935) 327. The last paper deals almost only with bare facts, very little 
with the theory. For the mechanism of the FRIEDEL-CRAFTS reaction, see F. Farr- 
BROTHER, Tvans. Faraday Soc., 37 (1941) 763. 

109 H. Hoprr, Ber., 64 (1931) 2739; C. D. NenirzEscu and C. N. IONESCU, Ann., 491 
(1931) 189, 210; C. D. NeniTzEscu and I. P. CANTUNIARI, Ber., 65 (1932) 808; F. UNGER 
Ber., 65 (1932) 467; N. D. ZELINSKY, Ber., 62 (1939) 1661. See also J. VON Braun and 
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while when water-containing (moist) aluminium chloride is used, the pro- 
duct formed is methyl cyclopentenyl ketone, or acetylcyclopentene 10: 
Clee GH. Lge 


Conk OTL 
CHy-CHy 


The very careful investigations of Hoprr, as well as of NENITzEScU and 
their coworkers 41, on the complicated course of reaction in the FRIEDEL- 
CRAFTS synthesis with saturated hydrocarbons have shown as an especially 
important result that aluminium chloride, especially the pure anhydrous 
product, acts as a dehydrogenating agent 1, especially when a reducible 
acceptor is present to take up (receive) the hydrogen thus split off 4%. This 
dehydrogenation probably comes about as follows: The aluminium chloride 
takes away from the hydrocarbon one of the hydrogen atoms as an anion, 
and then binds it to itself to form a complex compound ion, as it otherwise 
binds a chlorine ion; the residual positive hydrocarbon cation thereby 
formed then undergoes a fission reaction as discussed on p. 772, losing a 
proton, and forming an unsaturated hydrocarbon. After this the free proton 
can again react with the complexly bound hydrogen either to form a molecule 
of elementary hydrogen,or it can continue further to act as a dehydrogenating 





CH, CH; aycy, 3 | CHC Hs |* ) 
C raat Wi C | [HAIC],] 
ig ein 2 Sgn ay AOS ri 
t H, 4+-AICl, or 2H 4% 
CH 
Pe CHs a Hs | 
CH,~ 


agent. Under certain circumstances, as also in other cases (Compare pp. 419, 
461), the hydrocarbon cation may also undergo changes in its carbon chain 


H. Deutscu, Ber., 45 (1912) 1267; J. voN Braun and M. Kunn, Ber., 60 (1927) 2557; 
J. von Braun, Ber., 64 (1931) 2869; E. WERTYPOROCH and T. FIRLA, Z. physik. Chem. 
(A), 162 (1932) 398. 

110 C, D, NEenitzEscu and I. P. CantuniarI, Ber., 65 (1932) 1449. 

111 Finally H. Hoprr, C. D. NENITZESCU, D. A. Isacescu and I. P. CANTUNIARI, 
Ber., 66 (1936) 2244; for further papers see ref. 109, p. 750. 

12 C.D. Nenirzescu and Coworkers, Ann., 491 (1931) 189; 510 (1934) 269; Ber., 
65 (1932) 807, 1449; and 66 (1933) 969. or 

113 An example for the reducing and simultaneously fissioning effect of the hydrogen 
split out by AICI, is furnished by the reaction of pentane or hexane with AICl, and 
CCl,; at 30—40° C the reaction proceeds in lively fashion, and yields CHCl,, butane, 
isobutane, and polymerization products. Compare E. Ort, Z. angew. Chem., 54 (1941) 
142. 
vin For the alkylation of the two isomers of butane by means of CH,Br and C,H, Br 
by the FrrepEL-Crarts reaction (AlBr, is better here than AICI,) see: J. D. HELDMANN, 


J. Am. Chem. Soc. 67 (1945) 1791. 
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or lattice skeleton 1°; such changes lead to transformations such as those 
from the cyclohexane to the cyclopentane series. 

For the isomerization of cyclohexane to methylcyclopentane see also 
This Text, Volume II, Chapter XI. 126 

In the case of the FRIEDEL-CRAFTS synthesis, the formation of the unsat- 
urated hydrocarbon is quite important, for it is this compound which then 
reacts with the aluminium chloride and acyl chloride. 

In reality then there is no reaction of synthesis at all with the saturated 
compound. The proof that the unsaturated compound does actually occur 
as an intermediate step, and not as a side reaction, can not be given in the 
brief space at our disposal here. It is then the unsaturated ketone that ought 
to be regarded as the actual product of the reaction; the final saturated 
ketone actually isolated is formed either by hydrogenation of the unsaturated 
ketone now acting as a hydrogen-acceptor, or by reduction of the $-chloro- 
ketone with which it is in equilibrium in the presence of HCl (See below) : 


O HCI O 
Ri, CH=CH—C_R, = RCC CH =e 
PTOT ue “a 


ie 
RESCH eCr eee 


These results are of course not able to give us any insight into the actual 
course of the synthesis with the unsaturated hydrocarbon. 

KONDAKOW ™’ was the first to react the unsaturated hydrocarbons, specific- 
ally zsobutene and trimethylethylene, with acyl chlorides; in this work 
Konbakow ™ of course used zinc chloride in place of aluminium chloride. 
The reaction of isobutene with acetyl chloride yielded mesityl oxide: 


CHW ANC). pt Ela 
G=CHECEeCOcH; as C=CHCOCH, + HCI. 
CH CH,~ 


BLANC!8 used aluminium chloride and other olefins, such as isolaurolene, 
while Kraprvin 11° studied the olefins from ethylene to octene. The reaction 


"1 The isomerization of n-butane with AlIBr, + DBr occurs only in the presence 
of a small amount, about 0.1 mole percent, of butene. Otherwise almost no exchange 
of H for D takes place, and hence also no isomerization. See: H. PINEs and R. C. 
WACKHER, J. Am. Chem. Soc., 68 (1946) 2518. 

"8 AlBr, presumably acts here to produce a rearrangement only when 0.05 mole 
of cyclohexene or of cyclohexyl bromide is present. H. Pines, M. B. ABRAHAM, and 
W.N. Ipatierr, J. Am. Chem. Soc., 7° (1948) 1938. For the position of the equilibrium 
and for side-reactions see: D. P. STEVENSON and J. H. Morcan, J. Am. Chem. Soc., 
7° (1948) 2773; D. P. STEVENSON and O. Beck, J. Am. Chem. Soc., 70 (1948) 2890. 

7 J. Konpakow, Bull. Soc. Chim. France [3], 7 (1892) 576. 

48 G. BLanc, Bull. Soc. Chim. France [3], 19 (1898) 699. 

19S. Krapivin, Bull. Soc. Imp. Nat. de Moscou, 1 (1908) 176. 
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between cyclohexene and acetyl chloride has been studied with special 
care, first by DARZENS!" and later by WIELAND!”!, Using aluminium chloride 
in carbon disulfide solution there results a mixture of tetrahydro-aceto- 
phenone (= methyl cyclohexenyl-1 ketone), and (-chloro-hexahydro- 
acetophenone (= methyl @-chlorocyclohexyl ketone): 


H, H H, O 
aces eG oN roe 
H,C CH. H,C P—COCH.) HC CH ~CH, 

| |. +¢!-CcocH, —> ee Leone 
H,C CH H,C CH? oe BS ; 
rs bt og Ne Cl 
Hy, Hy Hy, 


On long heating with aluminium chloride the $-chloroketone loses hydro- 
gen chloride, and passes over into the unsaturated ketone. 

The unsaturated ketone is formally derived from the unsaturated hydro- 
carbon as the result of a substitution of hydrogen by acetyl. Because of the 
simultaneous formation of the $-chloroketone, it had formerly been assumed 
that the substitution went by way of the 6-chloroketone; 7.e. that it was a 
stepwise reaction, the first step of which was the addition of the acyl chloride 
to the double bond. One must however not look upon the formation of the 
g-chloroketone as a proof for such a course of reaction, for the hydrogen 
chloride elimination from the #-chloroketones is a reversible reaction; in 
general, indeed, the «, S-unsaturated ketones add hydrogen chloride quite 
readily, in such a way that the chlorine atom enters into the position 6 to 
the carbonyl. The possible reaction-paths are then the following: 


H, H, 
iw Pile: 
H.C We I H,C C—COCH, 
| ———-— | | + HCl 
H,C CH Cl1—COCH, HG. ©8GH 
et es eh a 
=e Ve Hy, 
iv “H,Cl-—COCH, It Y 
eas = V 
ec 
asia 


fe rr COC, 
H 


| | 
aC CH—Cl 
pe eae 


Hy, 


120 (, DARZENS, Compt. Rend., 140 (1910) 707. 

121 H{. WIELAND and L. BettaG, Ber., 55 (1922) 2246. For the reaction between 
cyclohexene, acid chlorides, and SnCl,, see: J. COLONGE and E. Duroux, Bull. Soc. 
Chim. France [5], 7 (1940) 459. Using acetic acid, and adding slowly to C,Hyo + SnCl, 
at 25—35°C, the yield is 54 0; E. E. Royats and C. M. Henpry, J. Org. Chem., 


15 (1950) 1147. 
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Whether the actual reaction to form the unsaturated ketone is by way 
of path I, “direct substitution” (See further discussion on p. 766), or by 
the pathways II + III via the @-chloroketone, cannot be decided simply 
from a determination of the products of reaction. . 

Because of the reversibility of III +**, the 6-chloroketone may arise just 
as well by the round-about path I +- III, as by the direct path II. 

In the case of aromatic compounds the formulation of the possible 
reaction-paths is exactly the same as in the case of cyclohexene. There is 
not the slightest reason or evidence that the chemical mechanism involved 
is a different one, as in the case of nitration and sulfonation on the basis of 
MICHAEL’s work. But as to which of the paths, I or II-+-III, is the correct 
one, no answer is as yet forthcoming on the basis of the previously cited 
experiments. Neither of the formulations given indicates the role played by 
the aluminium chloride ; in this respect both formulations certainly still require 
amplification. Where this extension and clarification is to be found is shown 
by the experiments made on the halogenation of unsaturated and aromatic 
compounds. 


(f) Zhe Halogenation of Aromatic and of Unsaturated Compounds 


In certain respects the relationships in the halogenation of aromatic 
hydrocarbons are very similar to those in the FRIEDEL-CRAFTS reaction. 
This substitution likewise takes place in the presence and by aid of a 
carrier or catalyst, such as ferric chloride or bromide, aluminium chloride or 
bromide, antimony pentachloride, iodine, etc. Without. these catalysts 
chlorine and bromine add on in the presence of (sun)-light to form the hexa- 
halogenated cyclohexanes. The addition-hypothesis of THIELE and WIE- 
LAND 8, applied to this special case, takes no account of the peculiar 
experimental conditions. According to this hypothesis, the bromine in the 
bromination reaction simply adds on to a “latent”? KEKuLE double bond; 
the cyclohexatriene dibromide, or dibromocyclohexadiene, thus formed then 
loses by fission one molecule of hydrogen bromide: 


H H H 
e Z Ps 
a FC ie Nan ge 
1s (OM ots Cone: eka: (gamer yao HO CH 
IRD) Pte c ea ai S| serps RG | 
He. CR HC CHBr HO NCES 
oe tg ates 
H H H 


123 The paths I and IT are also reversible; as to the reversibility of the FRIEDEL- 
CRaFTs reaction see: C. T. WoopwarbD, G, T, BorcHErtT and R. C. Fuson, J. Am. Chem. 
Soc., 56 (1934) 2103. 

#28 WIELAND himself considers his conception of an “addition in form” in the 
substitution of aromatic nuclei, with the formation of a dihydrobenzene derivative, 
aS an unproved hypothesis. Cf, Z. angew. Chem., 42 (1929) 903-904. 


a EE ————=—_—_— OO 
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That the dihydrobenzene derivative does actually readily go over into 
a benzene derivative is understandable in view of what was said before 
(pp. 653, 753); it is however not comprehensible why the further addition of 
bromine to the certainly very reactive hypothetical dibromo-cyclohexadiene 
which takes place in (direct sun)-light, fails so completely to take place * 
the presence of a catalyst. Just as little can one understand how the above 
named catalysts can “‘activate’’ the latent double bonds, that is, make them 
receptive to the addition reaction, since otherwise in reactions in the 
unsaturated compounds they catalyze halogen-addition just as little as 
they catalyze other addition reactions. 

Certain observations of PFEIFFER and WIzINGER !24 now throw an entirely 
different light on the possible course of substitution reactions in the case 
of unsaturated compounds, 7.e. for the replacement of hydrogen by halogen 
as it occurs in compounds of suitable structure. Usually halogen is added 
so quickly that, beside it, no other reactions can become of significance. 
In the case of 1,1-diphenylethylene it is true that in the reaction with bromine, 
which is instantaneously decolorized, one does obtain also 1,1-diphenyl-2- 
bromo-ethylene. Here however it seems as good as certain that the reaction- 
sequence considered by WIELAND to be quite a general one does lead to 
substitution : 


(CeHs),>C=CH, + Br, = (CsH,)->C—CH,Br Z= (CyH,),C=CHBr + HBr 
Br 


For in this case }, if we work carefully, the 1,1-diphenyl-1,2-dibromo- 
ethane can actually be isolated; on heating, this substance splits off hydrogen 
bromide and passes over into 1,1-diphenyl-2-bromo-ethylene 126, In like 
manner, substituted diphenylethylenes are also brominated, as for example 
I,1-dianisyl-ethylene, 


(CH,O \.-C=—CH, + Br, —> 
yw 


—— 


—- (CHy—OK >), >C= CHE + HBr. 


In the case of such substituted diphenylethylenes, however, and unlike 
the parent substances, a deep violet coloration appears during the course of 


1244 P. PFEIFFER and R. WINZINGER, Ann., 431 (1928) 132; P. PFEIFFER and P. 
ScHNEIDER, J. prakt. Chem. [2], 123 (1931) 129. The more recent work of R. WIZINGER 
on such reactions of ‘‘one-sidedly positivized ethylenes’’ has been reviewed recently 
in Naturforschung und Medizin in Deutschland (Natural-Science and Medicine in 
Germany) 1939—1946; FIAT Review of German Science, Vol. 34 (Theoret. Org. Chemis- 
ivy) pp. 119 etc. Compare also the work of M. L. COENEN, reviewed in the same report. 

125 E, Hepp, Ber., 7 (1874) 1410; R. ANSCHUTZ, Ann., 235 (1886) 161. 


26 TL. Lipp, Ber., 56 (1923) 569. 
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the reaction 19, The clarification of the course of these reactions is brought 
by the transformation of suitably substituted asym.-diphenylethylenes, 
especially of 1,1-di-(para-dimethylaminophenyl)-ethylene. The first product 
of the reaction of bromine that can be isolated in this case is a dark blue 
perbromide. By exchange of Br,’ (univalent tribromide ion) against the per- 
chlorate ion, Cl0,’, it is definitely recognized that we are here dealing with 
a salt of the perbromide ion, Bry’; 


(uxc.N—< >| >C=CH;, +.2Bre = 
2 
=| (unc.n—< >] > CCH, Br Bry C10,” 


| 
| 


| rae : | =, 
> ((HC.N—< > —} c*—cH,Br BIO. 


This example, and the investigation of a series of further diarylethylenes, 
brings us close to the assumption that the intensive coloration generally 
preceding a substitution reaction is due to the formation of salt-like compounds, 
which very frequently change further so rapidly that they cannot always 
be isolated. In this case we would again have a stepwise course for a substi- 
tution, except that the primary addition takes place differently than assumed 
by WIELAND, namely in accordance with the following scheme ?”8: 


R,C=CH, 2B, = [R,C—CH,BBr, = B,cC=CHBL HBr ame 
This same game can repeat itself again once more: 


+ = 
R,C=CHBr + 2Br,~—= ([R,C—CHBr,JBr, = R,C=CBr, + HBr+ Br. 


127 L, GATTERMANN, Ber., 22 (1889) 1131; compare also H. WIELAND, Ber., 43 
(1910) 718. 

#28 The well-known reaction of OSTROMISSLENSKY between unsaturated or aromatic 
compounds and tetra-nitromethane, which is usually recognized by a yellow colora- 
tion (Compare p. 157), depends on a salt-formation of the same type as occurs in 
the formation of the perbromides of suitably substituted 1,1-diphenyl-ethylenes. This 
salt-formation may be followed by a splitting off of trinitromethane leading to a 
substitution product, as for example: 

((cH).N< >| >C=CH—CH, + C(NO,), —> 
\ Se /2 
ae i NO ~r* 
ae ((CH).N—< | = COCH~ oo GING) ee 
ee /9 Cr rie 
Deep blue, salt-like compound 
Alcohol 3 
> {(cH).N—~ 
+ KOH 
See J. Bulich, Uber die Reaktion von Ostromisslensky (On the OsTROMISSLENSKY 
Reaction), Inaug.-Dissertation, Bonn, 1933. ; 


ye 





28 , : _-NO, 
>} >C=Cl + K[C(NO,),] + H,0. 
CH, 
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If we carry this course of a substitution process over to the substitution 
of hydrogen by halogen on the benzene nucleus, then,—contrary to WIE- 
LAND’s conception,—the mode of action of the catalyst can be understood. For 
as we know, all substances, and only such, as enhance or aid ionization 
by means of complex ion formation (Compare p. 421) will function as cata- 
lysts. In the case of the benzene hydrocarbons with halogen alone no such 
formation of salt-like compounds takes place; this can be effected only 
by means of catalyst carriers 129 such as: 








' ool 
ea 
a a luc 
+Br,+SbBr, = | [SbBr,| = 
Hohe ; | +40 gaa | 
SO ae | SCZ wdsic 
H | H : 
H 
ae~ 
HC CH 
= ah L + SbBr, + HBr. 
r 
E45 
H 


The action of aluminium chloride in the FRIEDEL-CRAFTS reaction can 
be conceived as being of exactly the same kind 1°: 


129 Such a course of reaction was assumed already in 1925 by MEERWEIN, Z. angew. 
Chemie., 38 (1925) 816. CHARLES C. PRiIcE and CL. E. ARNTZEN give a Similar explana- 
tion for the course of the iodine-catalyzed bromination of phenanthrene; in this case 
the iodine is presumed first of all to produce positive bromine ion; 


fe 
Sige Dry le erat 


This is justified in J. Am. Chem. Soc., 60 (1938) 2835, especially on p. 2836, 
below. The kinetics of aromatic halogenation is discussed by P. W. RoBErRTSsoN, P. B.D. 
DE LA Mare and W. T. Jounston, J. Chem. Soc., (1943) 276, 279. Further evidence 
that in a substitution process the attack on the nucleus takes place by way of an 
electropositive bromine is the observation that acidified hypobromite solutions, which 
contain HO-—*Br alongside of Br,, react much more vigorously than does pure 
bromine itself. A good example is the bromination of benzoic acid. 

Other very effective reagents are those that tend to cover up with bromine ion, 
such as AgNO, in the bromination of C,H;NO, in 90 % H,SO,. See C. L. AuGYAL 
and R. J. W. Le Févre, J. Chem. Soc., (1950) 562; also D. H. DERBYSHIRE and 
W. A. Waters, J. Chem. Soc., (1950) 573. 

130 The capacity of AlCl, so important in this case, i.e. its ability to form complex 
compounds, is reduced by the presence in the reaction-mixture of substances which 
themselves can form complex ions with the AlCl,, Among such substances that ‘‘poison”’ 
the AICI], catalyst is water: ants 

fH,OH] | Alm | 
"OH I, 


which can under some circumstances lead the reaction into another direction (Compare 
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Hoo ba crece=cH Pie CH ; 
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This formulation can be applied without any further restrictions or 
assumptions to unsaturated compounds. It can be somewhat further devel- 
oped so far as the details are concerned. Thus one can assume that the alumin- 
ium chloride first splits the acid chloride or the alkyl chloride into ions: 


CH,COCl++ AIC. <> HICH, GOPIAIGIA= 
or > CHC! 4 AIG) => eS PATO ae, 


and that the cation then adds on to the benzene ring or the double bond 
by drawing over to the bond two of the double-bond bonding electrons 
(See below for further details). 

In the case of the halogenation of the phenols, which is initiated even 
without the presence of catalysts, one could of course naturally also assume 
a salt-formation, only with elementary rather than with complex anions. 
It is however, just as well conceivable that in the case of the phenols the 
substitution reaction goes by way of the other possibility,—of the addition 
of halogen to the phenol (or also to its tautomeric keto-form), followed by 
splitting off of HBr. Experiences made in the bromination of 6-naphthol 
and of brominated @-naphthols 1324 can be interpreted without forcing only 


Pp. 756). For the significance and meaning of complex compounds and ion-formation 
of the acid chlorides with AICl,, see also H. Uticu and P. von FRAGSTEIN, Ber., 72 
(1939) 620. For a study on the complexes of the trialkylated benzenes and their 
derivation from meta-xylene, see J. F. Norris-and J. N. Incranam, J. Am. Chem. Soc., 
62 (1940) 1298; J. F. Norris and J. E. Woop III, J. Am. Chem. Soc., 62 (1940) 1428. 
For a comprehensive summary of the alkylation of the alkyl benzenes see D. V. 
NIGHTINGALE, Chem. Rev. ,25 (1936) 329. 

81 In agreement with this formulation is the fact that all such organic halides, as 
rapidly exchange their halogen with AICl;, react smoothly in the FRIEDEL-CRAFTS 
reaction. On the other hand, the halogenated benzenes do this very slowly, as was 
found already by FRIEDEL and CRAFTS (Compt. rend., 84 (1877) 1450, and do not react 
in the same way as do the alkyl halides. Compare F. FAIRBROTHER, J. Chem. Soc., 
(1941), 293. For the detection of the exchange between AlBr, and an organic bromide 
by radioactive bromine as an indicator, see F. FAIRBROTHER, J. Chem. Soc. (1937), 503. 

is8e TX ERTIES and K! SCHIMMELSCHMIDT, Ann., 484 (1930) 254. i 
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in this way "88, even though they are not to be regarded as absolutely clear 
proofs for such a course of reaction 182», 

Experience in the meantime seems to favor at times the one, at times 
more the other, of the possible courses of reaction. In a number of cases 133 
a stepwise reaction in the sense of the PFEIFFER-WIZINGER conceptions 
has been definitely established for the bromination of derivatives of 
1,1-diphenylethylene. But already in the case of 1,1-diphenylethylene 
itself the substitution of hydrogen by bromine takes place in the sequence 
of steps assumed by THIELE-WIELAND #4, For this reason it seems entirely 
possible that, depending on the nature of the unsaturated or aromatic bond, 
either the one or the other of the possible courses of reaction will be traversed 
the more rapidly, so that the substitution observed as an end-effect may be 
brought about by various methods. There is hence no reason for always 
classifying in the same formal scheme all reactions in which the initial and 
final products are of analogous structure, unless one is able in each individual 
case to bring special proof thereof. 

The conduction of such proofs is by no means simple, nor can they always 
be carried out by purely chemical methods. For various theoretical reasons, 
which will be discussed in the second volume, one has, for example, recently 
formulated the halogen addition reaction to the ordinary double bond as a 
stepwise reaction, which in principle amounts to the same thing as the 
halogenation scheme of MEERWEIN-PFEIFFER-WIZINGER. According to the 
latter, in general, the first step involves the addition of one halogen atom as 
a cation, with participation of two double-bond bonding electrons, followed 
by addition of the second as an anion }*°; 

CH, Br CH, Br CH, Br 
| gee iG e324 BEGhserrw il 
CH, Br oA es CH,Br. 

The justification for such an assumption will be discussed below on 
p. 768. In this connection it is not necessary to demand the formally actual 
splitting of the halogen molecule into two oppositely charged ions prior 


132b A truly satisfactory explanation for the easy substitutability of the phenols 
and aromatic amines, as well as an interpretation of the course of such reactions, can 
be given by means of the concept of mesomerism. This concept simultaneously makes 
clear how the new substituent is directed to the ortho- or to the para-position. See 
Vol. II, Chapter XIX. 

133 For a comprehensive review see P. DreyFuss, Inaug. Dissertation, Univ. Bonn, 
1933, Beitrage zuy Kenntnis unsymmetrischer positivierter Athylene (Contributions to 
the knowledge of unsymmetrical positivized ethylenes). 

134 P, Lipp, Ber., 56 (1923) 567. 

135 [t is hence not excluded that under some circumstances, especially in (sun)-light, 
halogen-atoms may also be or act as the actual carriers of the reaction. Compare for 
example Chapter VII, p. 524, footnote 91. For the halogenation of olefins at high 
temperatures see F. F. Rust and W.E. Vaucuan, J. Org. Chem., 5 (1940) 472. 
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to the addition reaction. That the addition of halogen to a double bond 
is not such a simple thing as it would seem to be from a formula standpoint 
has already been pointed out in Chapter VIII; the fact that in the gas phase 
addition fails to take place in paraffin-coated vessels while it is catalyzed 
by the glass walls (p. 578) gives food for thought. If we assume as correct 
the scheme for halogen-addition given above, then we have the following 
relationship between addition and substitution. The first step is the same 
for both processes; it consists in the addition of a cation, with the elimina- 
tion of the double bond. In the second stage of the addition process an anion 
adds on, while in that of the substitution process a proton is split off. 
According to this we have then for ethylene the following possibilities: 
BrH,C—CH, Br 


af J 
Corr orer ee 
I 
+ Br- 
IK \p 
a 
H,C=CHBr + HBr 1 


In the case of halogenation then, substitution and additon are two 
different processes, which proceed side by side as concurrent reactions. 
Both have in common one and the same intermediate step, which is the 
consequence of a primary addition process. To this extent then the addition 
hypothesis is correct when it asserts that the substitution reaction is pre- 
ceded by an addition reaction. The intermediate product that has been 
formed by the addition is however something different from the stable, 
valence-chemically saturated, substance, which the classical conceptior 
considered as an intermediate product. It is of course quite true that 
the unsaturated substitution product can also be formed from this, though 
not directly, but again rather via the unstable intermediate step, and 
this only then if the path by which the valence-chemically saturated ad- 
dition product is formed is readily reversible. This addition product is there- 
fore by no means a necessary intermediate step on the way to the substi- 
tution. Whether one isolates it or not-depends, just as in the case of the 
isolatability of the substitution product, on the relations of the velocities 
of the reaction paths Ia, Ib, Ila and IIb. 

In the case of ethylene the reaction I proceeds much more rapidly than 
does II; since, besides this, it is not reversible at ordinary temperatures, 


136 In this case then Br~ acts as a proton-acceptor, because the reaction does not 
take place in an ionizing solvent. In an ionizing solvent, in which HBr is completely 
dissociated into H’ and Br’, the Br’ could not be a proton-acceptor; here however the 
proton could be split off (together with a molecule of the solvent), either spontaneously 
or as a result of mutual interaction with a molecule of the solvent. j 
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only the reaction in the sense of the arrow Ia comes into consideration. 

In the case of 1,1-diphenylethylene reaction I is again more rapid than II. 
Here, however, reaction I is reversible. Since in this case the unsaturated 
bromide represents the thermodynamically most stable state, it is finally 
formed by way of Ia—> Ib —> Ila. 

In the case of 1,1-dianisylethylene, II is the more rapid reaction. The 
intermediate product is at the same time so stable that, while it cannot be 
isolated as bromide, it can be isolated as the perbromide. 

In the case of the aromatic nucleus the reaction II is by far the more rapid 
one, for the reaction I would demand the formation of a high-potential- 
energy-containing dihydrobenzene derivative, in other words the use of 
special energy sources. 

The velocities of the separate steps can under certain circumstances be 
influenced within wide limits by the experimental conditions, especially by 
the solvent and the complex-compound forming catalysts; so far in fact 
that the reaction may proceed predominantly in one case as an addition 
process, in another case as a substitution process. 

If the reactions I and II both proceed backwards only very slowly, 7.e. 
in the sense of the arrows Ib and IIb, 7.e. so that the addition as well as 
substitution product is stable, then both can be isolated side by side. Such 
cases illustrate most clearly that addition and substitution are quite different 
processes which are mutually independent. In this case it is also easy to 
follow how the relation between the velocities of I a and II a may be changed 
by the experimental conditions used. An example for this, though not so 
easily clarified, is furnished already by the chlorination of ethylene. Here 
both 1,2-dichloro-ethane, C,H,Cl,, and 1,1,2-trichloro-ethane, C,H,Cl,, are 
formed: It can be shown that the latter has not been formed as the result 
of substitution from the former, but that it must have been formed instead 
from primarily formed 1-chloro-ethylene 1%’. 

As a further example of the differences in the nature of an addition and of a 
substitution process we may mention the behavior of acetylene toward the salts 
of the hypohalous acids and toward the free hypohalous acids themselves ’**. 

The former replace the hydrogen of the acetylene with formation of 
dihalogen acetylene: 

HC=CH + 2ClONa = CIC=CCl-+ 2HONa. 


137 H, BAHR and H. ZIELER, Z. angew. Chem., 43 (1930) 233. 

138 F, Straus, L. KoL_tEK and W. Heyn, Ber., 63 (1930) 1868. The first reaction 
was discovered by H. Birtz and F. Ktppers, Ber., 37 (1904) 4492. The concurrent 
course of addition and substitution has been observed with certainty also in the case 
of the action of lead tetra-acetate on unsaturated hydrocarbons (Compare p. 581); 
here too it is certain that the substitution products have not been formed by way of 
the addition products followed by a fission reaction. Compare R. CRIEGEE, Ann., 481 


(1930) 263. 
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The free acids on the other hand add on to the triple bond 19° 


HC=CH4HOCL £  ~C=Cct 
ean: fe! SMe Toit 
This addition product does not undergo loss of water, subsequent new 
addition and again a, loss of water: 
isi Ay mat H—C=C—Cl Eine Ol 


C=C —H,O a C26 LETC 
1S (eee ee ee ohosfck OH ges c 0h7 a eral cto td Mea 


SEE) BE oS St es HG EG 


to form dichloro-acetylene. Instead the substitution reaction in case of 
treatment with the hypohalite salts must therefore be a direct reaction, 
and is to be interpreted as a reaction between acetylene and the hypo- 
chlorite ion: 


H—C=C—H + 2ClO’ -—» Cl—C=C—Cl + 20H’. 


The polar course of the halogen addition as sketched above (p. 765), as 
well as that for many other addition reactions to the double bond, is also 
made quite probable in various cases by the fact that in the unsymmetrically 
substituted ethylenes the addition reactions take place considerably more 
rapidly than in the symmetrically substituted compounds, or than even in 
the case of ethylene itself. Thus for example the chlorine of phenyl iodo- 
dichloride, CgsH;ICl,, adds on to the double bond of 1,1-diphenyl-ethylene in 
a particularly smooth manner !°, with the two chlorine atoms of the phenyl- 
iododichloride behaving differently 41, corresponding to the fission: 

C,H, 1Gl H oeeh 
6H151Cl; —> C,H; Thee 

In the case of phenyl iododifluoride, C,H; 1 F,, on the other hand, the 
corresponding addition reaction can only be effected by aid of some polarizing 
complex-former, such as HF or SiF, ™2, but is then accompanied to a con- 
siderable extent by side reactions, due to the dehydrating effects of the 
complexes, followed by further changes in the dehydration products. In 
the case of less strongly unsymmetrically built ethylenes, indeed, practically 
no addition at all of 2 F to the double bond can be effected. 


#89 MICHAEL supposes that the addition of HOC] proceeds via an oxide, the three- 
membered ring of which is broken by HCl: J. Am. Chem. Soc., 57 (1935) 1268. 

M40 ‘W. BockEMULLER, Ber., 64 (1931) 523. 

‘41 For a discussion of the problem that in some reactions the two chlorine atoms 
of phenyl iododichloride behave alike, while in others they behave dissimilarly, see 
E. V. Zapp and V. DEuLoFEu, Bull. Soc. Chim. France [4], 45 (1920) 848. 

42 W. BockEeMULLER, Ber, 64 (1931) 523. 
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In the case of the addition reactions described above (See p. 761) of the 
unsymmetrical, or, to follow the terminology of WIZINGER, unilaterally 
positivized ethylenes, the a-carbon atom made positive by the aryl substi- 
tuent played the role of a salt-forming cationic center in the reaction with 
halogen. Conversely also, however, the negativized f-carbon atom may 
become able to add on a proton and thereby enable the molecule to form 
salts with acids 43, The stepwise nature of the proton-affinity follows 
from the ease of hydrolysis. In some compounds this stepwise grading is 
so great that even salts with weak acids are capable of existence in solution. 

As examples we may cite the cases of: 

Diveratryl-ethylene + HCIQ, (I), to give a dark brown compound with 
greenish luster, violet in solution, and that undergoes immediate hydrolysis 
in alcohol; 

Bis[p-dimethylamino-phenyl]-ethylene + acetic acid (II), a deep blue 
substance, in equilibrium in glacial acetic acid, and finally undergoing 
hydrolysis in the presence of a large excess of water; 

N-Methyl-9-methylene-dihydro-acridine-hydrochloride (III), an intense 
yellow substance, undergoing slight hydrolysis in water; 

N-Methyl-2-methylene-dihydro-quinoline + strong and weak acids, a 
light yellow, undergoing almost no hydrolysis in water, decomposed only 
by addition of alkali. 

CHO», at ote Dy 
I (cHx0-< >| >C—CH, | Clo, 
a 


/ — \ + 


II {(CHa)>N— >=) >>C—CH, | O-:CO-CH, 
ee /2 
carpool 
iN - 
Te Wt, CN CECH: 1:Cl 
eae 4 
< *, 
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143 R, WizinGER, J. prakt. Chem. [2], 154 (1939) I. Compare also Natural Science 
and Medicine in Germany, 1939—1946 (The American FIAT Review of German Science), 


Vol. 34, Theoret. Organic Chemistry, I, pp. 121 etc. 
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This type of addition corresponds, if the double bond of the substituted 
ethylene is written in the polar form with one single unshared electron 
pair on the f-C-atom, to the addition of one proton by the ammonia or the 
amine to form ammonium salts: 


Sten ee 
R,C =iGH. —_ R,C-——-CH, — H Sear 
K 


Addition to iso-cyanates and ketenes ™* can also take place in just the 
same way, as for example: 


AN \ 
Ui wiley int es? mm | /C=CH-CONER. 


N jo 
CH, CH, 


Methyl iodide, which adds on to ammonia and the amines, is of course 
added on by especially strongly positivized ethylenes. Esters are added on 
more readily, in accordance with the fission reaction, 


R—C —O-CH,R, 
| 
O 


while acid chlorides undergo addition still more easily, in accordance with: 


R—C —C1 48, 
| 
O 


In the case of the more weakly positivized ethylenes the salt formed by 
the addition does of course undergo spontaneous loss of a proton along with 
the anion, and a f-substituted ethylene is formed, such as was formulated 
on p. 761 for the case of the 1,1-dianisyl-2-bromo-ethylene. The nitration 
and the sulfonation of moderately strongly positivized ethylenes, related 
to the same processes in the case of benzene already described on pp. 750 
etc., can be understood on the same basis. 

Very strongly positivized ethylenes also add on anhydro and ansolvo 
acids such as SOs, SnClj, ZnCl,, AICl;, SbCl;, and in exceptional cases 
also SO,: 


44M. COENEN, Chem. Ber., 80 (1947) 546. 


46 For an example with chloroformic acid ester, with which a carboxylic acid 
ester is formed, see: M. CoENEN, Chem. Ber., 82 (1949) 67. 
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The ability to undergo condensation reaction is likewise related to the 
strength of the polarization, as may be merely indicated at this point 1°. 

Another example for the fact that in the addition reaction polar contrasts 
in the adding ethylene are of decisive influence, so that the addition reaction 
also must proceed via a polar scheme, is furnished by the addition of oxalyl 
chloride to double bonds 1’, This reaction takes place smoothly without the 
use of a catalyst in the case of 1,1-diphenylethylene, poorly in the case of 
A,-methylcyclohexene, and not at all in the case of cyclohexene itself. 
That in this case we are not dealing with a radical-like addition is shown 
by the ineffectiveness of light; oxalyl chloride in this case then reacts 
differently than it does in the case of the substitution process in the saturated 
hydrocarbons, when it splits into radicals (p. 725). 

Not always, however, do additions of addable reagents proceed by a 
polar chemical mechanism, even in the case of reagents of pronouncedly 
polar nature. The difference in the reaction path may result in different re- 
action products, depending on whether a polar ora radical chemical mechan- 
ism is followed. This explains the at first so startling peroxide effect in the 
addition of hydrogen bromide to olefinic double bonds (Cf. p. 579). Normally 
the addition is polar, and leads to addition products in which the bromine 
becomes attached to the carbon atom already holding the smaller number 
of hydrogen atoms, as for example: 


CH,—CH=CH, CH, CH CH, 
me | 
Br— H Br 
CH 
eC CH, CH, 
CH,~ = C—CH,. 
ee CH,~ | 
oz Br 


The presence of small amounts of peroxide, such as are often accidentally 
present in unsaturated hydrocarbons as a result of auto-oxidation, or as 
145b The original paper of COENEN had a typographical error in the formula, p. 67. 
146 For reactions with the nitrochlorobenzenes, see: R. WIzINGER and M. L. COENEN, 


J. prakt. Chem. (2), 153 (1939) 127. 
147 M_S. KHARASCH, ST. S. KANE and H.C, Brown, /. Am. Chem. Soc., 64 (1942) 333- 
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can also be added artificially, leads to the formation of the primary bromide. 
Here the trace of radicals formed from the peroxide, often only under the 
influence of ultraviolet light (See p. 792), induces a chain reaction (Cf. Vol. IT, 
Book IV, Chapter XVIII), that proceeds as follows “8: 
Cpto-0-0-20-C eee 2CHyC—O* 
O 


C,H,-C—O™ + HBr _—> Be eu + Br* 
I | , 


O O 


, 


x 
Br* + CH,—CH=CH, —» CH,—CH—CH,Br ™®, 


CH,-CH— CH, Br |. HBr i= .CH,-CH,—CH,Bnt Br, 
' etc., etc. 

The cross * signifies an unpaired electron. 

Hydrogen chloride is not readily enough oxidized to be oxidized by an 
acyl radical to a chlorine atom. In the case of hydrogen iodide, oxidation 
yields elementary iodine; hence no peroxide effect is observed for this 
hydrogen halide. On the other hand, it is found again in the addition 
of mercaptans to the acrylic acid methyl esters ®°. Here one part of the 
radical type intermediate product goes over into polymerization products. 
The ionic mechanism, which takes place without side-reactions, must in 
this case be initiated by means of trimethyl-benzyl-ammonium hydroxide, 
[CsH;—CH,—N(CH3)3]OH, as the polar catalyst. 


(v) FISSION OR ELIMINATION REACTIONS 


The reversal of the addition process, fission, or elimination, or splitting 
out, is realized in the scheme given on p. 766 by paths Iband IIa. Elimination 
reactions are observed quite generally, and very frequently alongside of 
substitution reactions that take place on saturated carbon atoms. In many 
of these cases they occur as very undesirable side reactions. The above 
reaction scheme already indicates a possible inner relationship between 
the two concurrent reactions. The intermediate step there assumed involves 
a cation with an electron sextet on the carbon atom. Such a cation occurs 
also in crypto-ionic reactions leading to substitutions of the Type: Sx I: 
Such substitutions are also very frequently accompanied by elimination 

48 M. S. Kuarascu and F. R. Mayo, J. Am. Chem. Soc., 55 (1933) 2468. See also 
the literature cited, in footnotes 211—218 of PP. 794-796 of This Volume. For the 
photochemical excitation-initiation see W. E. VAUGHAN, F. F. Rust, and T. W. Evans, 
J. Org. Chem., 7 (1942) 477. 

4° Compare also the addition of Br-atoms in the case of steric rearrangement. 

#60 M. S. KHARASCH and Cu. F. Fucus, /. Org. Chem., 13 (1948) 97. For the addition 


of BrCCl, to butadienesulfone, see M. S. KHARASCH, M. F REIMAN, and W. H. Urry, 
J. Org. Chem., 13 (1948) 571. 
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reactions leading to the formation of a double bond. Likewise, the trans- 
formation of aliphatic and alicyclic amines that takes place via a cation 
of the same kind is accompanied by a more or less considerable formation 
of unsaturated hydrocarbons (Cf. p. 461) ¥°?. 

An elimination reaction can then begin with the loosening off of an anion 
from a saturated carbon atom. In the second stage this is usually followed 
by the loss of a proton, 7.e., of a cation, thus leading again to the formation 
of an electrically neutral but unsaturated compound 1°. This type is desig- 
nated by Hucues and INcorp as type E 1%. It is also conceivable that 
some other cation is eliminated in place of a proton, and, if suitable, may 
then combine with the primarily eliminated anion. While one must allow 
for such possibilities they will not be further considered here. 

A fission reaction may, however, occur also in just the opposite order to 
that just described. In this case it begins with the elimination of a proton, 
which is then followed by the elimination of an anion. Finally it is also 
possible that neutral atoms or radicals will loosen themselves off from the 
two carbon atoms which will later appear as doubly bound. Such is probably 
the case for the side reactions of the Wurtz synthesis that lead to the 
formation of unsaturated hydrocarbons. This case will also be rare, and 
need not therefore, in what follows, be considered further. 

These various possibilities for the course of an elimination reaction can 
be brought together in a single system into which the individual cases can 
be catalogued in a manner similar to that for the various possibilities for a 
substitution process. Despite the numerous investigations that have been 
carried out, this elimination-reaction system has not as yet of course been 
as thoroughly studied as has the substitution -process system. Here again we 
can contrast a first order process Er to a second order process E2. Further- 
more, leaving aside the question of radical-elimination, we can subdivide 
still further by differentiating between the elimination reaction E1~ or E2~ 
that begins with the loosening off of an anion, and the elimination reaction 
Er* or E2* that begins with the loosening off of a cation, just as this was 
done for the Sy- and S,-types of substitution 14. 


151 See also: Naturforschung und Medizin in Deutschland 1939—1946, FIAT Review 
of German Science, Vol 34 (Theoretical Organic Chemistry I), pp. 116 etc. 

152 Proofs for such a course of elimination reactions in the case of the alkyl halides 
have been furnished by E. D, Huaues, C. K. INGoLD and Coworkers: The Mechanism 
of Elimination Reactions, I—IV. J. Chem. Soc. London (1937) 1271 etc. In their fifth 
paper, Ibid., 889, these authors refute contrary views upheld by W. TaAyYLor. See 
furthermore VI—XVI. J. Chem. Soc., (1948) 2038 etc. 

i688 F — elimination reaction. 

154 J in the index, for electrophilic, is of course not the same as 
for the latter type of reactions. 


E = elimination 
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These two types of elimination can be represented for the case of ethyl 
bromide as follows: 


H H H H 

| ie 
E- H_¢_¢_y —> H—C—C—H —> H,C—CH, 
a id 


Te bs 


Al? Brees H Cre Cres 
= slabs Mal ri 
| m 
Et Ht pA a H,C—CH, 
[ry EVES 
tf es H :Br 


The remaining of the valence electron-pair on a particular atom is indi- 
cated, as before for the INGoLD substitution scheme, by a dotted line. 

The small arrows indicate the direction of action of an attacking reagent 
molecule. In the case of type Er this is the solvent that effects fission- 
elimination in a crypto-ionic reaction, and appears to make the reaction 
take place as a first order pseudo-monomolecular reaction because of the 
great excess in which the solvent is present. (See This Text, pp. 708—7I0). 
Such a formation of crypto-ions, in which a cation, that could in this case 
probably be only a proton, separates off, could scarcely take place on a 
carbon atom, since the hydrogen on the carbon is only rarely acid enough 
for this, and when it is acid enough the residual anion is always stable and 
shows no tendency to break off a negative substituent as an anion, and thus 
to form an electrically neutral unsaturated compound. In general, then, the 
E1*-type will not be observed, or even occur. 

The elimination of a proton that takes place in the second step of the 
negative or (—)-type of reaction, or that of a bromine ion in the (+)-type 
of reaction, may be either spontaneous, or proceed under the co-influence 
of a reagent, which may under some circumstances indeed again be the 
solvent. The resulting unsaturated compound appears first of all in its 
mesomeric polar form (See Vol. IT, Chapter XVII), which then passes over 
into the normal state with a non-polar double bond, -the unshared electron 
pair on the negatively charged carbon atom, relative to the positively 
charged, only sextet-carrying, carbon atom, participating in this reaction. 

Whether the resolution of an elimination reaction into two steps, as was 
done here, can always be justified, may be seriously doubted, especially 
for the E2-type. It is entirely possible that the loosening of one of the partners 
of the eliminated group is accompanied by the loosening of the second part- 
ner, so that the real departure of the two partner groups takes place simul- 
taneously. This would in a certain way be a carry-over of the mechanism 
of the S 2-type of substitution reactions to the elimination reactions: At no 
time need a strong chemical bond be loosened, Schematically this would be: 
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HO-. -. H HO-H HOH 
H,¢—CH, =>) HJc—CH, => “H,C—CH, 
a Br Be ‘ 


In this type a substitution of the S,2-type, with Walden Inversion, may 
take place alongside of the elimination reaction. 

Reactions corresponding to the various types of elimination reactions 
may take place concurrently. The ratios of their velocities are given by the 
momentarily prevailing experimental conditions. A direction of reaction 
corresponding to the type Ez+ will be preferred when the acting reagent 
possesses strong proton-affinity, i.e. when it is a hydroxyl ion, OH’, or 
alcoholate ion, OR’, in highly concentrated solution, or a suitable amine 1°. 
It will further be the more favored the weaker is the ionizing action of the 
solvent, since a crypto-ionic reaction Er~ retreats into the background to 
the extent to which the ionizating capacity of the solvent decreases. A course 
of reaction according to type E2~ may be induced by the attack of acidic 
hydrogen on an electronegative substituent. The hydrogen that separates 
off as a proton need not in the various types of reaction be the same one. 
This question can not be answered for the case of ethyl bromide. It could 
however probably be answered for the case of suitably unsymmetrically 
constructed or of stereoisomeric compounds. The result of differences in the 
hydrogen involved may be a difference in the position of the double bond 
in the unsaturated compound formed (See further below). 

The rare type E2> is realized in the elimination of hydrogen halide from 
saturated halides by the action of phenyl lithium 156. Here the lithium, 
the bonding of which to the phenyl must still be considered as essentially 
homopolar, despite the strong polarity of the bond, that separates off as a 
cation acts in non-ionizing solvents as a halogen-acceptor: 

H 


| : 
C,H,-*Li + ClL:C—CR, -—> LiCl + H,C=CR, + C,H,. *’ 
ae 
ae 
155 The elimination of water from the p-phenyl-f-hydroxy-propionic acid ester by 


means of trityl sodium, (C,H;),CNa, must also be formulated as an E 2-type of reaction: 
C,H;—CH—C H—COOC,H, 


| 
OH H < C(C.Hs)s; 
followed by elimination of the OH group to give, 
C,H;—CH=CH—COOC,H; + (C,H;);CH + NaOH. 
Sodium alcoholate behaves in a similar manner, CH. R. HAUSER and D.S. BRESLOW, 


J. Am. Chem, Soc., 62 (1940) 3344- 
1566 G, Wittic and G. HaRBorTH, Ber., 77 (1944) 306, 315. 


157 In the case of the unsaturated halides an elimination reaction of type E* leads 
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Elimination reactions can take place not only on an electro-neutrai 
molecule, but on an ion as well. Such is the case for the thermal decompo- 
sition of the quaternary ammonium hydroxides in exhaustive methylation, 
in all probability taking place according to the mechanism of the continuous 
type E2* #8. Only here, since the elimination process is played off inside of 
a cation, the expulsion of the proton is followed not by the splitting off of 
an anion, but rather of an electro-neutral tertiary amine: 


ape HOH H,O 
| | a 
peer JOH —> SCac< > §CrsCe, 
| ; 
N(CH,)5 | N(CH;), N(CH,); 


| 


Clarification of the problem whether a type Ex or a type Ez breaking-off 
occurs, or whether both take place concurrently, may be obtained by a 
consideration of the effects of the experimental conditions already mentioned 
above, or of the kinetics of reaction, as well as by the fact that for the type 
E2 the transiently formed cations may under certain circumstances be able to 
undergo rearrangements. (See Chapter VI.) In this case a rearrangement of the 
carbon framework enters ahead of the formation of the mesomeric polar form 
of the unsaturated compounds. In the case of Type E2* a corresponding 
process is not possible, for here no carbon atom with an octet vacancy puts 
in its appearance. In the case of type E2~ the rearrangement also probably 
does not take place, so long as the elimination process takes place continuously. 

By a suitable selection and control of the experimental conditions it is 
often possible, on the basis of the theoretical foundations just pictured, to 
determine at will the predominant type of elimination reaction, and thus 
to lead the reaction in the direction desired. If an ionization is suppressed 
as much as possible, then the type Er~ reaction is also suppressed, and 
rearrangements are avoided. This is what happens when bornyl chloride is 
heated, not with sodium cresolate in cresol solution,—a treatment that 
causes strong ionization of the bornyl chloride,—but rather with strong 


to the formation of a triple bond. The gross reaction is trimolecular, two molecules of 


phenyl lithium each losing a Li cation to yield phenyl anions, which then capture 
C.H;—C a re Oe coe OF cP gee C,.H;,—C=CLi + Licl + 2C,H,- 
H H 


ROH, or of CH,Cl or RC, in the decomposition of the hydroxides and chlorides. For 


further details see Py, G. STEVENS and J. H. RicHMonp, J. Am. Chem. Soc., 63 (1941) 
3132. 
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alkali and alcohol, in order to eliminate the hydrogen chloride. In the latter 
case rearrangement is almost totally absent, and bornylene rather than the 
usual camphene is obtained (p. 431). In just the same way, in the thermal 
decomposition of the xanthogenate esters, as esters of a weak acid, the 
ionization recedes into the background, and the reaction proceeds normally. 
It is of course true that it is not always possible to suppress the ionization 
altogether, as illustrated by the formation of a-fenchene alongside of cyclo- 
fenchene from the decomposition of a-fenchyl xanthogenate (p. 448). An 
example for the different positions of the new double bond in the product 
of reaction depending on the type of reaction, but without involving any 
rearrangement, is given by the toluene-sulfonic acid ester of /-menthol, or 
1’-methyl-3*-hydroxy-4-isopropyl-cyclohexane (c = cts-). (For picture of 
configuration see below, p. 778). When heated in ionizing solutions this 
substance splits out water by a type Er~ reaction to yield predominantly 
A3-menthene, while when heated with alcoholate solution, the reaction is 
of type E2* to give exclusively trans-4,-menthene. This latter substance is 
also formed under the same conditions by the loss of HCl from /-menthyl 
chloride. On the other hand neo-menthyl chloride = 1°-methyl-3-chloro-4'- 
tsopropylcyclohexane (t = trans-) in alcoholate solution yields a mixture 
of 4;- and A,-menthene, the former predominating by forming about yoru, 
of the total. Several other cases illustrating the formation of several unsatu- 
rated hydrocarbons by elimination reactions applied under like conditions 
to stereoisomeric compounds are also known 9, 

The cause of this phenomenon is not to be sought for in the course of the 
elimination reaction according to a different type, but rather in the direction 
of the initial attack of the reagent effecting the elimination reaction, and 
which has, in the case of a type E2+ reaction, several hydrogen atoms to 
choose from for this initial attack. In some circumstances of course, the 
difference in the ease of ionization of the stereoisomers, which considerably 
influences the ratio of the velocities of reaction according to the various 
types, may also play a role. This is the case for the isomeric pair,—bornyl 
chloride—iso-bornyl1 chloride. 

If we neglect extreme examples of this kind, then a consideration of the 
spatial picture of the course of reaction gives us a visualizable concept. This 
concept differs considerably from that for the elimination of spatially neigh- 
boring groups as based on the principle of the intramolecular reaction of 
spatially neighboring groups, a concept formerly held to be self-evident 


159 For the different directions taken by the elimination of water from the two 
o-phenyl-cyclohexanols, see CH. C. PRIcE and J. V. KARABINOS, J. Am. Chem. Soc., 
62 (1940) 1159. Using H,PO,, the cis-form gives predominantly 4,-, the trans-form 
predominantly A,-phenyl-cyclohexene. 
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(See p. 571). Actually the c7s-elimination thus demanded occurs only in 
special cases; rather, as we shall see, the /vans-elimination is favored, ina 
course of reaction following type Ez2t+. As examples thereof we shall again 
use the esters of the stereoisomeric menthols, and in particular menthyl 
and meo-menthyl chloride. 

The electronegative chlorine substituent considerably hinders the approach 
of a negative ion such as OH’ or OR’, which repel the chlorine, from the 
same side. The ion will therefore select a ¢rans- rather than a cis-hydrogen 
atom for the initial attack. If two ¢vans-positional hydrogens are available, 
the selection will depend further on which of these is most free, spatially, 
with respect to the other substituents. In /-menthyl chloride there is only 
one trans-hydrogen, in position 2, that is completely free; in d-neo-menthyl 
chloride, two tvans-hydrogens are present, of which that in position 4 is 
entirely free, while that in position 2 is somewhat screened off by the methyl 
in position r. Hence in menthyl chloride the attack will be directed against 
position 2, in xeo-menthyl chloride predominantly against position 4. These 
predictions correspond with our experience 1°. 


CH) H 4 Cl 
| bet CH, H 
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The formation of a triple bond by elimination of hydrogen halide from 
unsaturated compounds with the halogen on the double bond can also be 
interpreted in terms of these concepts. The already mentioned fact (p. 571) 


60 For further examples of this kind, see W. HiticKEeL, A y 
Nis ‘ ; . Ht , Ann., 543 (1940) 191; W. 
ee and lel Wacner, Ber, 74 (1941) 657. For a review, see FIAT Review of 
erman Science and Medicine, 1939—1946, Vol. 34, Theoret. Org. Chem. I, pp. 116 


etc,. or pp. 122 etc. in the English edition, O. W. Leibig 
Petersburg, N. Y., 1950. ; » O. W. Leibiger Research Laboratories, 


ae 
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that trans-dichlorethylene splits off hydrogen chloride with alkali much more 
slowly than does cis-dichlorethylene can then even be foreseen if one assumes 
an elimination reaction of Type Ez. In the case of trans-dichlorethylene the 
proton is within the field of action of the chlorine atom on the same side of 
the carbon chain, and is held more tightly by its field-effect than in the case 
of cis-dichlorethylene, in which it is not subject to any such field-effects; 
furthermore the approach of a hydroxyl ion from that side on which the 
chlorine, and, in the case of trans-dichlorethylene, the hydrogen, are found, 
is made more difficult due to electrostatic repulsion between the chlorine 
and hydroxyl ions: 


Cr d ee 
- Ps 
Us; FoyoG ct 
we Ci ET H~ Cl 
tvans-Dichlorethylene cis-Dichlorethylene 


The ¢rans-elimination reaction need, however, by no means always be 
preferred for reactions that follow Type E2. There is one reaction for which 
the old concept of the intramolecular reaction of neighboring groups exists 
justifiably, and for which the elimination reaction proceeds predominantly as 
a cis-fission. This reaction is the thermal decomposition of the esters of xantho- 
genic acid according to TSCHUGAEFF (CHUGAEV), (Compare p. 431). In this 
case the —SCH, group takes over the role of the hydrogen-removing or 
expelling ion. It is, however, found present within the same molecule, and 
can therefore act proton-removing or fissioning much more easily from out 
of the cis-position than from out of the tvans-position;—hence just the 
opposite to the effect of a negative ion coming from the outside. The —SCH, 
group in xanthogenate esters is also different from these in that it is not 
negative from the very beginning, and consequently suffers no electrostatic 
repulsion from the electro-negative substituent in the c7s-position, which in 
the given case is the C—O-group of the xanthogen residue. The elimination of 
the xanthogen residue takes place according to the following scheme **: 

161 The process has been formulated somewhat differently by PH. G. STEVENS and 
J. H. Ricumonp. These authors assume an intermediary step involving a hydrogen 


H-bridge (Vol. II, Chapter XIV, vii) between the hydrogen being removed and the 


doubly bound sulfur S: 
O 
ate oes 
8 C—S—CH, 
| 
Cc 
TT Se 


Compare J. Am. Chem. Soc., 63 (1941) 3133. Cis- and trans-2-methyl-indanol-1- 
xanthogenate, the former being more stable due to the intramolecular H-bridge, as 1n 
the Stevens formula: E. R. ALEXANDER and A. MuprRak, J. Am. Chem. Soc., 73 (1951) 


59; compare also 72 (1950) 3194. 


> 
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Here again the stereo-isomeric menthols furnish us a good example: i-men- 
thol, with the hydroxyl on C, and the hydrogen on C, in the cis-positions, 
undergoes elimination predominantly toward Cy, 7.e. C,—C,, with formation 
of A,-menthene, (70 % of total), while d-neo-menthol, in which the hydroxyl 
on C, and the hydrogen on C, are relatively in a ¢rans-position, undergoes 
elimination predominantly from C, toward C,, with formation of about 
&o % of A,-menthene. In a number of further cases also, the preference 
for the cis-elimination has been established for the TSCHUGAEFF (CHUGAEV) 
xanthogenate method 1®. 

The problem of the steric course of elimination reactions already touched 
upon in Chapter VII may then also be regarded as solved for reactions of 
Type Ez, at least in its fundamental principles. It is however necessary to 
set up special model considerations for each type of fission reaction in order 
to come to any reasonably certain predictions. For elimination reactions 
of Type Ex, which begin with a dissociation-decomposition reaction, it is 
however not yet possible to predict the course of the reaction, for we have 
as yet no fixed points of reference as to which atom of hydrogen in a given 
case will be split off most easily as a proton after the acid residue has once 
separated off as an anion. 

SAYTZEFF (ZAITSEV) 1 already a long time ago established a general 
empirical rule for the direction in which the elimination would proceed, 
i.e., that the fission will proceed predominantly toward that carbon atom 
which already carries the smallest number of hydrogen atoms. As the above- 
mentioned examples of the formation of A,- and A;-menthene show, to which 
may be added still further examples !*4, the rule is by no means so general as 
was formerly believed, and indeed neither for the course of the reaction 
according to Type E1 nor for one of E2. The reason the rule is obeyed 
relatively often in the aliphatic series seems rather to be due to the fact that 
the majority of elimination reactions have been carried out using acid 


162 For examples see WALTER HUcKEL, Amn., 543 (1940) 191. This article goes into 
greater detail on the examples treated here; exhaustive methylation is also discussed 
in somewhat greater detail. For the thermal decomposition of the methyl ester of 
benzylxanthogenic acid, and the intermediate stages to be assumed therein, see P. V. 
Laakso, Suomen Kemistilehti, 16 B (1943) 19. Compare also S. NAMETKIN, J. prakt. 
Chem, [2], 112 (1926) 164. 

163 A. M. SAYTSEFF (ZAITSEV), 1875. 

64 W. HUcKEL, Ann., 543 (1940) 191. 
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fission-producing reagents 16°, and that these acids may produce a subsequent 
shift in the position of the newly formed double bond, leading to the ther- 
modynamically energetically most favored compound. Now this is, however, 
usually the compound in which the double bond carries the smallest number 
of hydrogen atoms 16. The theoretical explanation of the ZAITzEv rule must 
therefore take account more of the energy-content of the various highly 
alkylated double bond compounds 167, rather than of the course of the 
elimination reaction, and therefore its discussion is not in place at this point. 


(vz) RADICALS AS INTERMEDIATE PRODUCTS IN CHEMICAL REACTIONS 168, 


(a) General Remarks 


The systematic classification of substitution reactions as given earlier 
enables one to predict the existence not only of the electrophilic and nucleo- 
philic, but also of radical-type substitutions as well. In the same way 
addition and fission reactions can proceed also by a non-polar course, in 
which radicals appear. A good example of a reaction that takes place in 
accord with the principle of radical-type addition is the photochemical 
bromination of maleic acid ester. This begins with the addition of a bromine 
atom, which with its 7 electrons is comparable to an organic radical. Before 
clarity had been gained as to the nature of many substitution, addition, 
and fission reactions, one was inclined, especially after the discovery by 
GoMBERG of the first free organic radicals, to assume radicals as intermediate 
products in chemical reactions, and to resolve the reaction into various 
stages involving radicals, and thus to “explain” the reaction. If now without 
further proof one assumes that free radicals are formed as intermediate 


165 Finally F. C. WHiTmMorE and W. L. Evers, J. Am. Chem. Soc., 55 (1933) 812; 
F. C. Wuitmore and H. S. Roturock, J. Am. Chem. Soc., 55 (1933) 1106; F. C. 
Wuitmore, J. M. Cuurcn, and R. V. McGrew, J. Am. Chem. Soc., 55 (1933) 1528; 
D. D. THompson and M. L. SHERRILL, J. Am. Chem. Soc., 58 (1936) 745. 

166 Compare on this point the numerical values of the heats of hydrogenation found 
on p. 118; the value for tetramethylethylene is about 4 Cal. smaller than that for 
ethylene. 

167 For this reason also, the interpretation given by E. D. HuGuEs and C. K. INGoLD 
for the course of reactions primarily in accord with the ZairsEv rule (Tvans. Faraday 
Soce., 37 (1941) 674) isalso unsatisfactory. It seems that these authors did not yet know 
of the work that had been done on the conditions of formation of 4,-menthene and 
of A,-menthene. ; 

168 Compare the exhaustive reviews by: D. H. Hey and W. A. WaTERs, Chem. Rev., 
21 (1937) 169, G. WitTIG, Z. angew. Chem., 52 (1939) 89; H. SACHSSE, Z. angew. Chem., 
50 (1937) 847; F. O. Rick and E. TELLER, J. Chem. Phys., © (1938) 489; E, OLIVERI- 
ManpaLa, Chim. e Ind. (Milano), 21 (1939) 342; W. A. WaTERs, Trans. Faraday Soc., 
37 (1941) 770; D. H. Hey and W. A. Waters, in E. H. Ropp (Ed.), Chemistry of 
Carbon Compounds, Vol. IA, pp. 195 ff., Elsevier, Amsterdam, 1951. 
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products in chemical reactions, we must be clearly aware that in many cases 
the dissociation of the initial substances into such fragments, and the re- 
association of these fragments to yield the end products, is formally possible, 
especially if we also permit rearrangements within the radicals, such as the 
migration of hydrogen atoms. The extent to which one can thus proceed 
arbitrarily without violating any formal laws of structure is shown by the 
extreme views of NEF !®® who assumed the intermediate existence of divalent 
radicals of the methylene type, >CHg, in the case of numerous reactions. 
Recently BERGMANN !”° has tried to revive these views, though in a somewhat 
modified and more carefully formulated form. They have, however, re- 
mained fruitless speculations that have often enough led chemists astray. 
When Ner proposed his theory of dissociation to methylene the free radicals 
had not yet been isolated; the discovery and isolation, first of such univalent 
radicals of the triphenylmethyl type, later gave new impetus to the hypo- 
thesis of radicals as intermediate products 174, although by itself the dis- 
covery of the free radicals of a compound with trivalent carbon has just as 
little significance with respect to the réle of analogously built radicals in 
the course of certain reactions as does the mere existence of cyclopropane 
for the possible intermediate formation of cyclopropane derivatives in the 
course of the pinacolin rearrangement. Since PANETH has proved the existence 
of methyl and ethyl radicals in the products of the thermal decomposition 
of lead tetramethyl !”* and of lead tetraethyl 173,—for the formation of zinc 
dimethyl and zinc diethyl respectively from the reaction of the products of 
decomposition with zinc metal can be interpreted in no other way than as 
a formation from the radicals and zinc,—and since, further, the thermal 
decomposition of carbon compounds, such as butane and acetone, yields 
free radicals which can be captured by means of mercurous bromide as 
Rk—Hg—Br ™, it is of course certain that the transformations of radicals 
may also play a réle in the formation of the products of thermal decomposi- 
tions 7°. Nevertheless, it is necessary, now as before, to make a special 
study of every reaction in the course of which free radicals might appear, 
to see whether the temporary formation of radicals does really take place. 


169 J. U. Ner, Review in J. Am. Chem. Soc., 26 (1904) 1549. 

170 E, BERGMANN and J. HERVEY, Ber., 62 (1929) 893. 

“1 F, HENRICH, Theorien der organischen Chemie, (Theories of Organic Chemistry), 
5th edition, p. 330 (Braunschweig, 1924), translated by JOHNSTON and Haun. 

72 F. PANETH and W. Horepitz, Ber., 62 (1929) 1335; Cf. also This Vol. p. 188. 

3 KF, PanetH and W. Lautscu, Ber., 64 (1931) 2701, 2708. For further confirmation 
see T. G. PEARSON, P. L. Ropinson, and E. M. Stoppart, Nature, 129 (1932) 832. 
Cf. also This Vol. p. 1809. 

4 F. OQ. Rice, W. R. JoHnston, and B. L. EVERING, J. Am. Chem. Soc., 54 (1932) 
3529; Cf. also This Vol. p. 190. 

“8 Thus, for example, no free radicals have been found as intermediate products 


> 
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As yet, however, it seems that only in a very small number of cases have 
sufficient observations been made so that they can be evaluated as proof 
for the intermediate appearance of a free radical. One such positive case 
will now be described. 

Triphenylmethyl sodium can be prepared from triphenylmethyl chloride 
according to the following empirical equation: 


(C.H,);CCl+2Na = (C,H;),CNa + NaCl. 


Since the free triphenylmethyl radical is known to be able to add sodium, 
it seems reasonable to suppose that the reaction takes place in steps, via 
the radical, as follows: 


(r) (CgHs)s;CCl + Na = (C,H;)3->C + NaCl. 
(2) (CsH;)3;C + Na = (C.Hs)s >C Na. 


That this is really the course of the reaction is confirmed by the exact 
description of the transformation-reaction between triphenylmethyl chloride 
in ether solution and a 1 °%4 sodium mercury amalgam, as given by SCHLENK 
and Ocus 18, 

At the beginning of the reaction the solution becomes the yellow color 
so characteristic of triphenylmethyl; only after a longer time does the red 
color of triphenylmethyl sodium appear on the surface of the metal. Thus 
by the recognition of the colors, that is by following the changes in a physical 
property during the course of the reaction, the stepwise course of the reaction 
is established with certainty. 

It is, of course, quite natural to assume very generally that the action 
of alkali metal on halides follows, in principle, the same course. If so, it 
would follow that in the Wurtz-FitTIc synthesis that makes use of such a 
reaction, free radicals would be formed as intermediates. As will be seen 
below, it can be shown, however, that the available observational data 
are as yet insufficient to justify with certainty any such conclusion. 


(b) The Wurtz-Fittig Synthesis 


The Wurtz-Fittic synthesis involves the reaction of alkyl halides with 
alkali metals, usually sodium. Since the sodium metal does not go into 


in the thermal decomposition of cyclohexene into butadiene and acetylene at 800° C, 
Cf. F. O. Rice, P. M. Ruorr, and L. E. Ropowsxas, J. Am. Chem. Soc., 60 (1938) 955. 
Also L. Ktcuier, Nachr. Gesell. d. Wissenschaften zu Goettingen, math. phys. Klasse, 
Fachgruppe III, N. F. 1 (1939) 231. (Chem. Zentralblatt 1939, I, 2386). 

176 W. ScHLENK and R. Ocus, Ber., 49 (1916) 609 (footnote 2). 
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solution, the reaction is heterogeneous, taking place on the surface of the 
metal, in accord with the following empirical summarized equation, using 
as an example, for clarity, ethyl bromide; 


C,H,—'Br 2 Na Br—C,H, = 2 NaBr + C,H,—C,H,. 


If we assume that in this case also the first step is that indicated by 
observations on triphenylmethyl chloride, we have: 


I. C,H;Br-+Na =: NaBr + C,H;—. 


According to this, however, the radical could next undergo no fewer than 
three different transformations: 


II. a. (1) Reaction with sodium: 
C,H; -+ Na = C,H;Na, 
as in the case of triphenylmethyl. 
b. (2) Dimerization (irreversible), 
2 CoH = (C,H: 


In the case of triphenylmethyl this dimerization is reversible, so that 
all of the material is finally converted to triphenylmethyl sodium, 
(CgH5)s>C Na. 

c. (3) Disproportionation: 
2 C,H, = CH, - C,H. 


This does not take place in the case of triphenylmethyl. 

Of these three reactions, the first would lead to the very reactive sodium 
ethyl, which could then react further with ethyl bromide to give butane 
and sodium bromide. 


Ill. C,H;Na + BrC,H, = NaBr + C,H,—C,H,, 


The butane that is observed could then be formed either by way of 
I —> IIb, or via the steps I> Ila —> ITI. As yet neither the first hypotheti- 
cal intermediate step, the ethyl radical, nor the second, sodium ethyl, 
has been isolated from this reaction. The statement is probably true for 
the liquid phase, but is it also true for the reaction between gaseous ethyl 
bromide and solid metallic sodium? Compare Vol. IT, Chapter XVIII, v7, 
for the reactions of Na atoms. 

There is, however, important evidence for the formation of sodium ethyl, 
and for its significance as an intermediate product in the synthesis. 

(1) When metallic lithium acts on alkyl and aryl halides, especially the 
chlorides, lithium organic compounds can be isolated. In general, these react 
only slowly with a second molecule of the organic halide 177, 


7 K, ZIEGLER and H, Cotontus, Ann., 479 (1930) 135. 
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If we formulate the reactions of the halides with sodium and lithium in 
like manner, then for the stepwise reactions we have: 


R—X (= halogen) + 2Me = R Me + MeX, 
RMe + X—R = R—R + MeX. 


When Me = Na, the first step (2 steps) would be generally slow relative 
to the 2nd (3rd), so that the intermediate product could not be isolated. 
When Me = Li, the velocity-ratio of the two stages 1s reversed, so that the 
lithium organic compound can usually be isolated 1”. 

(2) If we use benzyl bromide, C,H; CH, Br, and sodium for the synthesis, 
we observe first that the characteristic red color of benzyl sodium, 
C,H;CH, Na, which can also be produced by another method, forms on 
the surface of the sodium?’’. 

(3) The alkali organic compounds assumed as intermediate products react 
very readily with carbon monoxide to form ketones, tertiary alcohols, and 
acids as well. Thus ethyl sodium gives diethyl ketone, triethyl carbinol, 
(C,H;), COH, and propionic acid, C,H;COOH 1°. 


ZO NaR Na 7ONa G=0O ZO 
a) C=O + NaR—>RC ee Ree te ee ee oe sont ita OF 

or Na 

2C,H,Na + 2CO —> (C,H;),>C=O + Na,CO. 

eo H,O R~ 

b) R—C—R + NaR — R—C—R — > R—C—OH + NaOH. 
| NR R~ 

or NaO 


3 C,H;Na + 2 CO +H,0 (later) —> (C.H;); ~>C—OH + NaOH + Na,CO. 
c) C,H;Na + CO + H,O M——+> _ C,H;.COONa + H,t. 


These same reaction products are obtained when ca, bon monoxide is led 
into a WuRtTZ-FITTIG mixture of sodium and organic halide. This capture- 
method for metallo-organic compounds by means of carbon monoxide 
was used by SCHLUBACH and Goes 1*1 (Cf. pp. 443, 716). It is based on the 


178 For the interruption of the Wurtz synthesis at the alkali alkyl stage see also: 
A. A. Morton and I. HECHENBLEIKNER, J. Am. Chem. Soc., 58 (1936) 1967; A. A. 
Morton and F. FattweE tt Jr., J. Am. Chem. Soc., 59 (1937) 2387. For a detailed study 
of the formation of the alkyl lithium compounds see: H. Gi-man, F. W. Moore, and 
O. BatneE, J. Am. Chem. Soc., 63 (1941) 2479. On the organic lithium compounds see 
further numerous papers by G. Witticand Coworkers, see This Text., pp. 729, referen- 

$46. 40, al: p.:787, Tel. 184. 
arr Wha beuzy see is secs to react with optically active 2-bromobutane, the 
resulting 2-benzyl-octane retains at least 75 °% of the theoretical optical activity: 
see R. L. Lerstncer, J. Am. Chem. Soc., 70 (1948) 406. 

189 Hf. H. Scutupacn, Ber., 52 (1919) 1910. Triphenylmethyl sodium, strangely 
enough, does not react with CO, see W. SCHLENK and R. Ocus, Ber., 49 (1916) 614. 

181 FH]. H. Scutupacu and E. C. Gores, Ber., 55 (1922) 2889. 
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greater speed of the reaction between the CO and the metallo-organic 
compound as compared with that between the latter and the organic halide, 
and may be taken as proof for the formation of sodium ethyl or metallo- 
organic compound in general. 

This does not, however, mean that the metallo-organic compound has 
been formed from a radical by way of the reaction I —> Ila 1*?. For it could 
as well be formed on the surface of the sodium by the reaction: 


C,H,Br +2Na = NaBr+C,H;Na 


in which a molecule of ethyl bromide impinging on the surface of the metal 
reacts simultaneously with two neighboring sodium atoms, without the 
intermediate formation of a free radical. In this case the experimental 
conditions are different from those used by SCHLENK and Ocus, as the latter 
used not metallic sodium but a 1 % sodium amalgam, while the triphenyl- 
methyl that went into the solution is considerably more stable than is an 
aliphatic radical. And even if the existence of free radicals in the solutions 
of the WurtTz-Fi1T1G synthesis were proved, this would still not prove 
conclusively their significance in the reaction-synthesis; to do this it would 
be necessary to observe and prove also that the radical is formed more 
rapidly than the metallo-organic compound, so that the latter could have 
been formed only via the radical. Therefore the fact that in the WURTZ-FITTIG 


182 Quite the same type of considerations as to the possibility of the intermediate 
formation of radicals were discussed by A. A. Morton, J. T. MASSENGALE, and G. M. 
RicHARDSON, J. Am. Chem. Soc., 62 (1940) 120, 123, 126, 129, in connection with 
their work on the Wurtz synthesis with 1,1-dihalides, such as for example CH,Cl, 
or CH;CHCl, with Na,CHC,H;. On p. 124 these authors discuss the possibilities for 
the formation of such a radical on the sodium metal surface. For the effect of the 
extent or magnitude of the sodium surface on the results of the reaction of C,H,;3 
with Na see: R. B. RicHarps, Trans. Faraday Soc., 36 (1940) 956. 

Compare here also the formation of 1,1-dimethylcyclopropane alongside of neo- 
pentane and tetramethylhexane from the reaction of neo-pentyl chloride and sodium: 


GH Cities Hg CH 

‘A / 

Pic + Na —> Se 17 % 
CE CH, \ GH: CH, 
\ Senay GH 

ail ) 

pw 36% 
CH CH; 
CH3~ CH, 

CH,—-C—CH,—CH,—C—CH, 13% 
CH3;~ Basen 


F, C. Wuitmore, A. H. Popkin, H. I. BERNSTEIN, and J. P. Wirkins, J. Am. Chem. 
Soc., 63 (1941) 124, 
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synthesis other hydrocarbons are observed along with the normal product 
of reaction, and that these might owe their formation to a disproportionation 
of the free radicals according to equation IIc, does not by itself 183 prove 
anything as to the role of the radical as an intermediate product in the 
formation of the metallo-organic compound '*4, This rdle would only be 
clarified if either the velocity relationships of the three above named con- 
current reactions Ila, IIb, and IIc, in which the radical could participate, 
were known, or if by means of some capture-process the radical could be 
characterized and removed from the course of the reaction. If this did not 
affect the yield of the main product of the synthesis, it would show that the 
formation of the radical is a side (concurrent) reaction; if the yield were 
strongly reduced it would indicate that the radical must be considered as 
a necessary intermediate product of the reaction. 

While on the basis of presently available observations it is known that 
metallo-organic compounds do definitely occur as intermediate products 
in the WuRtTz-FITTIG synthesis, the question as to the possible réle played by 
intermediately produced free radicals is still, in spite of the “proof by 
analogy’ from the triphenylmethyl series, an open problem 1°°, 

183 It cannot be regarded as experimentally established with certainty that the 
same by-products occur when sodium alkyl acts on mercury alkyl, as SCHLUBACH 
and GoEs (loc. cit., footnote 181, pp. 2892 and 2896) seems to assume. The experiments 
of S. F. ACREE (Am. Chem. J., 29 (1903) 591) which he cites were made with a mixture 
of mercury diphenyl, sodium and ethyl bromide. In such a mixture it is quite possible 
that the radicals C,H; and C,H, might also be formed transiently. 

Alkyl halides in the gas phase with sodium vapors do certainly yield free radicals, 
but these do not unite to form the dimers: A. SArFFER and T. W. Davies, J. Am. 
Chem. Soc., 64 (1942) 2039. 

184 Besides this such hydrocarbons are also formed in the reactions between certain 
metal-organic compounds, such as C,H;Li, and halides :—-G. Wirticand H. Wirt, Ber., 
74 (1941) 1483. F. Kraces, Ann., 547 (1941) 17, considers the formation of ethylene 
in the Wurtz synthesis to be analogous to the formation of ethylene from C,H;Cl and 


NaOCH, (See p. 773): 


H,C——CH, Cl H,C==CH, 
- 
H + CH, Na 4+CH,+NaCl. 
Butane is presumed to be formed as follows: 
H H Cals. Pi 
= i a ae = 
Na*C,H,- —> Oo alas cS + Nat+Cl. 
BG Cl H,C H 


185 In the reaction between 1,3-dibromopropane and excess sodium vapor in a 
nitrogen atmosphere, which leads to a mixture of cyclopropane, propene and 1,6- 
dibromohexane (at 345° C, indeed, the latter is formed almost exclusively), the tri- 


lene biradical, CH, CH, CH,, must probably be assumed as an intermediate in the 


thy 
a Cf. C. E. H. Bawn and R. F. Hunter, Trans. Faraday 


formation of cyclopropane ( 
Soc., 34 (1938) 608. 
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As a result it still remains undecided whether the hydrocarbon formed in 
the Wurtz-Fittic synthesis has been formed by dimerization of the radical 
by way of I — IIb, or via the metallo-organic compound according to III. 
It may, however, be said with a considerable degree of certainty that the 
latter will be the case. For one thing, no such synthesis is noted in the case 
of the preparation of the lithium alkyls from organic halide and lithium; 
furthermore, no such formation occurs when, following Schlubach, carbon 
monoxide is led into the reaction-mixture to “‘capture’’ the metallo-organic 
compound. If the synthesis took place by way of the dimerization of radicals 
it would have to take place before the formation of the metallo-organic 
compound. Hence the conditions here are quite different from those that 
prevail in the formation of hexaphenylethane from tripenylmethyl chloride 
and sodium; in the solution colored yellow by the presence of tripheny]- 
methyl radicals, colorless hexaphenylethane is certainly present in consider- 
able amounts, due to the rapid attainment of the equilibrium: 


2(CgHs)s>C eeu Zs (CsH;)s>C—C<(C,Hs)s, 


which lies far over on the side of the dimer, long before the radical has 
gone on to form (the red) triphenylmethyl sodium on the sodium amalgam 
surface. In the reaction between diphenylmethyl chloride, (C,H;), CHCl, and 
finely divided silver, which in its final results is comparable to the WuURTz- 
Firtic synthesis, the formation of tetraphenylethane is, however, according 
to all appearances, to be ascribed to the dimerization of the diphenylmethyl 
radical 186; 


2 (C,Hy)a>CH ag (CgHs), >CH—CH< (C,Hs)s. 


For while this reaction does occur quantitatively, it does so only when 
oxygen is most carefully excluded. In the presence of oxygen the reaction- 
products are almost exclusively oxygen-containing; these can easily be 
interpreted as formed by transformation of a peroxide primarily formed 
from the radical and oxygen as follows: 

2z(C,H,),>CH + 0, — (C,H,);>CH—O—O—CH<(C,H,), —> 
[(C,H;),>CH],>0, (C,H;),>CO, and (C,H;),>CHOH. 

In this case a disproportioning of the radical in accord with reaction IIc 
cannot take place. Other observations indicate that ordinary radicals, unlike 
those of the triphenylmethyl 187 and diphenylmethyl types, show rather a 


#86 W. Tu. Nauta and D. MutpeEr, Rec. Trav. Chim., 58 (1939) 1070. 

8? While for these too, disproportionation has frequently been observed, it occurs 
much less rapidly than the reversible dimerization reaction. Cf. H. WIELAND, Ann. 
Chem., 381 (1911) 202. For disproportionation reactions in the radicals corresponding 
to the metal ketyls, such as (CgHs)2 >C OH, cf. W. E. BACHMANN, J. Am, Chem, Soc. 
55 (1933) 356. 
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tendency toward disproportionation in accord with reaction IIc, rather 
than dimerization according to reaction IIb. 

Evidence for this difference in behavior in the various types of radicals 
has been obtained by WIELAND 18 in the case of a reaction in which he was 
able to prove conclusively the presence of radicals as intermediate products, 
?.e. in the thermal decomposition of the labile azo-compounds in suitable 
solvents, especially in petroleum ether at 80—1r00° C. 


(c) Radicals Formed during the Decomposition of Azo Compounds 


Azo compounds which do not carry two aromatic nuclei on the doubly- 
bound nitrogen atoms are considerably less stable than the purely aromatic 
azo compounds, of which, as is well known, azobenzene itself can be distilled 
undecomposed at 293° at ordinary pressure 1°. A particularly unstable 
compound is azo-triphenylmethane 1°, 


(C,H;)3->C—N a N—C<(C,Hs)s, 


which decomposes even at as low as 0° C, with the formation of nitrogen and 
triphenylmethyl?. This decomposition reaction cannot, however, be regarded 
as a proof that the radical is formed as a primary product of the reaction ; 
it might perhaps rather be formed by way of the easily dissociating hexaphenyl- 
ethane, as indicated by the following reaction-scheme: 


(CeHs)s>C GC, a (CoHs)s>C “CCH vas 2 (CgHs)s>C 
| 2 
N=N 


According to this reaction-scheme the separation of the nitrogen would 
necessarily be directly related to, or simultaneous with, the linking of the 
C—C-bond, without the intermediate formation of free radicals. 

These two possible modes of decomposition exist a priori also in the case 
of the more difficultly decomposable azocompounds. Among these is phenyl- 
azotriphenylmethane, (CgH;)s>C—N—=N—C,H, 1%. In the case of this un- 


188 FL], WIELAND, E. Popper, and H. SEEFRIED, Ber., 55 (1922) 1816. 

189 A summary of the stabilities of various azo-compounds has been compiled by 
H. Wrevanp, H. v. Hove and K. Borner, Ann., 446 (1925) 334. Compare further 
H. WreELanp’s work on the appearance of free radicals in chemical reactions: I, Ber., 
48 (1915) 1098; IJ, 55 (1922) 1816; III, Ann., 446 (1926) 31, 49; IV, 452 (1927) 1; 
V, 480 (1930) 157; VI, 513 (1934) 93; VII, 514 (1934) 145; VIII, 532 (1937), 160. 

199 This is formed temporarily from the corresponding hydrazocompound, which 1s 
comparatively insensitive toward the usual oxidizing agents, by oxidation by means 
of hypobromous acid. 

191 FL]. WIELAND, Ber., 42 (1909) 3020. 

192 M. GoMBERG, Ber., 30 (1897) 2043; 36 (1903) 1088. 
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symmetrically substituted azo-compound, the two possible paths of reaction 
would necessarily lead to different products: 


I. (C,H) >C—N=N—C,H, — N, + (C,H;);>C-- + C,H, 
IT.'(C,H,)->C C,H, —> N, + (C,H,),=C. 


ee 
N=Ni 


In this case then, according to scheme II, stable tetraphenylmethane, 
and not hexaphenylethane, should be formed, and any triphenylmethyl 
observed would have to be due only to a decomposition to form radicals 
in accord with scheme I. Now experiments have shown that up to 35 % 
of triphenylmethyl is formed; hence decomposition into radicals in accord 
with I must actually take place 1°. A certain amount of tetraphenylmethane 
(about 2%) is also formed ™; it must however remain an open question 
whether it was formed by a consecutive reaction in accord with scheme 
II, or by the coming together (addition) of triphenylmethyl and phenyl 
radicals. 

Against the latter hypothesis we have the fact, by no means conclusive, 
however, that diphenyl, which might be formed by the union of two phenyl 
groups, or radicals, is not found among the reaction products. The amount 
of phenyl equivalent to the triphenylmethyl formed cannot be detected, 
and must therefore have undergone some other change. In place of phenyl 
one finds benzene, and indeed in somewhat larger amount than corresponds 
to the amount of triphenylmethyl formed Likewise, in the case of 
the decomposition of para-chloro-azo-triphenylmethane, the formation of 
chloro-benzene is observed. This shows that the phenyl or p-chlorophenyl 
has not dimerized, but has instead taken hydrogen atoms from the petroleum 
ether serving as solvent, and thus become converted to benzene (or chlor- 
benzene). 

The mode of reaction of the phenyl radical that must beyond a doubt 
be assumed as an intermediate stage, and which must be very reactive 
indeed, may now be judged by following the course of the reaction in other 
solvents; the phenyl radical reacts with the solvent. In carbon tetra-chloride 
solution the decomposition of phenyl-azo-triphenylmethane forms, among 
other products, chlorobenzene 2% and (CgsH5)s->C—C€<Cl, or I,1,1-triphenyl- 
2,2,2-trichloro-ethane. In benzene solution, diphenyl is formed; in chloroben- 


Ae att Or the triphenylmethy] will doubtlessly have escaped detection: the reaction 
products contain a few percent of triphenylmethane, which may have been formed 
from triphenylmethy] by means of some side reactions (reactions by capture of H from 
solvent molecules). 


*** Tetraphenylmethane was first obtained in this way, by M. GomBERG, footnote 102. 
198 H. WIELAND, Ann., 514 (1934) 147. 
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zene, para-chloro-diphenyl 1%*; in pyridine, 2- and 4-phenylpyridine 197. 
When aromatic solvents are used, then, the phenyl radical first takes a 
hydrogen atom therefrom, and then further unites with the remaining 
radical, thus; 


Gio. H, Civ iC, Ha HCl 
C,H, + C,H,Cl = CH << >—cI 
elas er ony: (aE 
In the case of the thermal decomposition of acyl-azo-triphenylmethane 1°, 


R—CO—N=N—C<(C,H;)s, 





the situation is quite different. In so far as this decomposition leads to 
acyltriphenylmethanes (as is the case to 50—70 %) in accord with the 
equation: 

R—CO—N=N—C<(C,H;); = N, + R—CO—C<(C,H,),, 





it does not proceed via radicals as intermediate steps. It is much more 
likely, according to WIELAND, that, just as was shown above for the case 
of the formation of tetraphenylmethane, the elimination of the nitrogen is 
directly associated with the formation of the acyltriphenylmetbanes. This 
concept gains further plausibility when one considers the possibility of a 
mutual inter-transformation from the trans- to the cis-azo-compound, 
together with the closely neighboring positions of the substituents in the 
cis-form (Cf. p. 82). 

Nevertheless, free radicals are formed during the thermal decomposition 
of the acyl-azo-triphenylmethanes; but they lead via side reactions, that 
have not as yet been more closely investigated, to other reaction products. 
The presence of radicals of the general formula, 


Ill 
R—CG o< > (C,H) 2» 


was established definitely by the appearance of a color, and by spectrochem- 
ical comparison with the radical, 


HG 
CH, —CO—K CCH 


196 F{, WIELAND, Ber., 55 (1922) 1819. 

197 D. H. Hey, J. Chem. Soc. (1934) 1966. For the preparation of the substances 
involved in the reaction see J. W. HawortH, I. M. HEILBRON, and D. H. Hey, J. Chem. 
Soc. (1940) 349, 358; also E. C. BUTTERWORTH, I. M. HeErLBrRon, and D. H. HEY, 


Ibid. (1940) 355- 
198 F{, WIELAND, Ann., 514 (1934) 145; H. WIELAND and THEODOR PLOETZ, Ann., 


532 (1937) 166. 
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prepared by G. Wittic ° by another method. Furthermore, when carbon 
tetrachloride is used as the solvent for the decomposition, the formation 
of benzoyl chloride is observed 2°, 

The reason that the principal reactions in the thermal decomposition of 
phenyl-azo-triphenylmethanes go in different directions is, according to the 
opinion of WIELAND 7°, to be found for one thing in a difference in the 
bonding strengths of the phenyl, acyl, and triphenylmethyl radicals to the 
azo group, and further in a therewith-related stepwise-course of radical- 
formation, in which the triphenylmethyl is first split off: 


III 
R—N=N—C<(C,H;)) = R—N=N + C<(C,H,),, 
R—N=N = R+4+N,. 


The symmetrically constructed azomethane 2° CH,—N —N—CH, suffers 
no such stepwise dissociation when decomposed by light 2°, 

We must assume that the effect of a quantum of light is to form two 
methyl radicals 24 


CH,—N=N—CH, + hy = 2CH, + N, 


The reaction products at 20° C consist of 55 5 Nas 42%, Galle, aud 4 we 
CH, ; at higher temperatures the percentage proportion of methane increases. 
The ethane is probably not formed by dimerization of methyl, nor by the 
splitting off in a single step of nitrogen from diazomethane, but rather by 
way of a free radical 2°, perhaps in accord with the following scheme of 
equations; 

 G. WittiG, Ber., 65 (1932) 767. 

200 H. WIELAND, Amn., 446 (1925) 35; 514 (1934) 147. 

201 H. WIELAND, Ann., 514 (1934) 150—151. 


*2 Discovered by J. THIELE, Ber., 42 (1909) 2575. 
Azomethane is prepared from diformyl-hydrazine as follows: 





os aH (GH) 80a 5H H — Saponificati 
C—-NH—NH—¢ neg OE CNL Go) aetna 
CH, CH, 


sos hipaa Oxidation by means 
| ——_———-+ CH,—N=N—CH.: 
CH, CH, of K,CrO, + HCl ; : 


*08 MILTON M. Burton, Tu. W. Davis and H. A. Taytor, J. Am. Chem. Soc. 59 
(1937) 19890; Burton, Davis and TaytLor, Jbid., 59 (1937) 1038. 

204 J. A. LEERMAKERS, J. Am. Chem, Soc., 55 (1933) 3499; F. O. Rice and B. i 
eeu Tbid., 55 (1933) 3898. Cf. also A. O. ALLEN and D. V. Sickman, Ibid., 56 

934) 2031. 

*5 For the proof that the primary products are not CH,—N=N + CH;, see To. W 
Davis, F. P. JAHN and M. Burton, J. Am. Chem. Soc., 60 (1938) Io. 

706 Tu. W. Davis, F. P. JAHN and M, Burton, loc. cit. 205, concludethat NO acts 
as a retarding agent. 
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CH; + CH,-N=N—CH, = C,H, + N=N—CH,, 
CH,;-N=N = CH, +N,. 





In other respects this photolysis of azo-methane, in which free radicals 
do occur, is not strictly comparable with the thermal decomposition of 
compounds in solution, as studied by WIELAND. The thermal decomposition 
of azomethane at 400° C, as studied already by THIELE 297, gives the same 
reaction products as does the photochemical decomposition, along with 
some ethylene besides. Since in the case of the pure gas the reaction proceeds 
explosively, a penetration into the chemism of the reaction has as yet not 
been possible. 

Attempts have been made to compare other dissociation reactions with 
the decomposition of the azo compounds. Thus the thermal dissociation of 
the diacyl peroxides *°8 in which carbon dioxide is split out, in (various) 
solvents such as benzene, etc., 





Satark O—O : CoH ol CATs jee Gi, 4 COid.C.H.COOH ; 
O O 


is considered by some investigators, and especially by D. H. Hey and 
W. A. WaTERS 2° to be a parallel to the case of the decomposition of the 
azo-compounds. At the same time the splitting off of carbon dioxide, CO,, 
is considered as analogous to the splitting out of nitrogen, N,, and the 
formation of free radicals is assumed to take place. On the other hand, 
WIELAND 2!° believes this analogy to be superficial only. In any case the 
relations here are considerably more complicated than in the case of the azo 
compounds; the final clarification of the problem of the course of this reaction 
has not yet been achieved. 

This conclusion as to the presence of radicals may be drawn for one thing 
on the basis of the products of reaction formed with the solvent, furthermore 
from the reactions with other dissolved substances, and finally from their 
participation in other reactions. Examples are known for all three modes 


207 Loc, cit, Ref. 202, p. 792. THIELE investigated the dissociative decomposition of 
the gas diluted with carbon monoxide. 

208 LH]. GELISSEN and P. H. Hermans, Ber., 58 (1925) 285, 476, 765, 770, 984, 2396; 
59 (1926) 662; J. BOrsEKEN and P. H. Hermans, Amn., 519 (1935) 133; as well as 
other articles. For accompanying rearrangements compare also P. H. Hermans, Rec. 


Trav. Chim., 54 (1935) 760. ; 
209 For a review article on this subject see D. H. Hey and W. A. WATERs, Chem. 


Rev., 21 (1937) 185. This article gives a detailed list of references to the literature. 
Furthermore, J. Chem. Soc. (1934) 1966; Nature, 140 (1937) 934. 

210 }{, WIELAND, S. ScHapiro, H. Metzcer, and K. Heymann, Amn., 513 (1934) 93. 
Compare also H. WieLanp and G. A. RasuwaJEw, Ann., 480 (1930) 157. 
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of reaction. Thus «-, 8-, and y-dinaphthoyl peroxide in carbon tetrachloride 
solution yield the following products of reactions *"?: 











Naphthoic acid | Naphthalene Naphthoxy- 
CO. ul .G.Cl C,o9H,Cl | as secondary | dicarboxylic naphthoic 
| product acid acid 
a- | 90 9 80 (x) | 80 (x) 2 (1,2) | 
g- | 90 2 80 (3) | 80 (8) 8 (1,4) | 9 

















When trinitrotoluene dissolved in glacial acetic acid is boiled it undergoes 
methylation 212 with the acetyl peroxide also present (as impurity) to yield 
trinitro-m-xylene. Here the decomposition 


CH, €0=0* \i-> CH 7GO, 


furnishes the methyl radical. The yield is of course very small. With acetic 
acid alone, longer boiling yields succinic acid (almost 50 °%), methane, COg, 
and a trace of methyl acetate 71%. The succinic acid is probably formed from 
methyl radicals and acetic acid as follows: 


XCH,+CH,COOH = CH,+*CH,COOH. 
2*CH,COOH = HOOC-CH,CH,-COOH. 


Decomposing diacyl peroxides, just like ultraviolet light of suitable wave- 
length, serve to initiate the addition of CCl,, CHCl, and of the corresponding 
bromine compounds, to the olefins. The reaction takes place by a radical- 
type of chemical reaction mechanism 24 (Compare also p. 369, footnote 288). 


x x x x 
CCl +hv = CCl 4 Cl, or CCl/4 CH,CO—O —>' CCl, + CH cl Gam 
x x 
GGlp+ R-GH=CH,. (> .CHR—CHSGCI, 


x x 
CHR—CH,-CCl,+ CCl —» RCHCI—CH,CCl, + CCl, 


“11M. S. Kuarascu and Coworkers, J. Org, Chem., 10 (1945) 406; see also Jbid., pp. 
386, 394, 401. 

*12 L. F, Freser, R. C. Capp, and W. H. Daupt, J. Am. Chem. Soc., 64 (1942) 2052. 

*18-M. S. Kuarascu and M. T. Grapstone, J. Am. Chem. Soc., 65 (1943) 15. 

*14 M. S. Kuarascu, E. V. JENSEN, and W. H. Urry, J. Am. Chem. Soc., 69 (1947) 
1100; M. S. Kuarascu, O. RErinmMutTH, and W. H. Urry, Ibid., 1105. Compare also 
J. Am. Chem. Soc., 67 (1945) 1626, 1864; 68 (1946) 145. For the addition of BrCCl, 
to butadiene-sulfone in (sun)light and in the presence of peroxide, see M. S. KHARASCH, 
M. FREIMAN, and W. H. Urry, J. Org. Chem., 13 (1948) 571; to olefins, diolefins, indene, 
etc., see M. S. KHarascu and H. N. FrIEDLANDER, J. Org. Chem., 14 (1949) 3209; 
to allyl bromide, see M. S. KHarascu and M. Sacer, J. Org. Chem., 14 (1949) 79, as 
well as many other papers. 
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or also 
xX i ax 
CHR:-CH,-CCl, + R-CH=CH, —> CHR—CH,—CHR:‘CH,-CCl,, etc., etc. 


That is, a reaction-chain is started, and leads eventually to a polymeri- 
zation product 21°. 

In the absence of ultraviolet light or free radicals, no such reaction 
occurs. 

Among the reactions that are decisively changed in their course by the 
intermediation of free radicals are the chain-reactions (Vol. II, Chapter 
XVIII, 72, b), that suffer a chain-breakage of the reaction-chain due to the ac- 
tion of radicals. Furthermore, the decomposition-fission of diacyl peroxides is 
itself a chain-reaction that proceeds very rapidly in ether solution but is 
inhibited by oxygen 7/6. In this case the radical tears one hydrogen atom 
away from the solvent and to itself. 

The thermal decomposition of the tertiary alkyl peroxides 2!7, such 
as di-tert.-butyl peroxide, (CH;);>C—O—O—C<(CHs)3, likewise yields 
radicals, which are recognized both by their own transformation products 
as well as by their effects on chemical reactions (For peroxide effect, see 
pp. 580, 771). Thus (CH3;),;C—O” yields acetone and methyl,—the methyl 


*15 Reference may also be made to the interesting reactions initiated by the C,H, * 
and C,H,CO™* formed by decomposing benzoyl peroxide,—i.e. the reaction of the di- 
methyl ester of maleic acid to give about 30—40 % of polymerization products, some 
5 % of phenylsuccinic acid, and some 25 % combined of the two substances: 


COOCH, COOCH, 
| | 
a > COOCH, | ‘ies COOCH, 
VA _/-c00CHs LAY COOCH, 
| 
COOCH, CrecOocH,  —> 


This is in part a chain reaction. The CCl, used as solvent also enters into the reaction 
to form the CCl, radical. Other products formed are Cl,C—CCl, and a, f-bis-(trichloro- 
methyl)-succinic acid dimethyl ester, 


Cl,C—CH—COOCH, 
: 
Cl,C—CH—COOCH, 
See C. S. MARVEL, E. J. Tritt, and D. F. DE Tar, J. Am. Chem. Soc., 69 (1947) 52. 
216 P. PD. BarTLETT and K. Nozaki, J. Am. Chem. Soc., 69 (1947) 2299. In anisole 
and in diphenyl ether soluteions the decomposition reaction takes place considerably 
more slowly; in phenols and amines the inhibition by oxygen is either absent or very 
slight, as illustrated by the case of benzoyl peroxide, 
217 J. H. Raey, F. F. Rust, and W. E. VauGuaNn, J. Am. Chem. Soc., 70 (1948) 
88, 95, and 1336. 
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then either undergoing dimerization or reacting with the acetone *!*, 


(d) Radicals as Intermediate Stages in Diazo reactions 


Definitely analogous to the thermal decomposition of labile azocompounds 
are such decompositions as the diazo compounds suffer under certain circum- 
stances. Among these are some reactions very important from a preparative 
point of view. The majority of the usually used reactions of the diazo com- 
pounds,—which proceed with evolution of nitrogen gas,—of course take place 
via a different mechanism; that is, they proceed via the diazonium ions 
(Cf. p. 460). As soon however as one uses non-ionizing solvents to eliminate 
the possibility of the formation of ionized diazonium salts, the reactions of 
the non-ionized diazonium compounds, which in polar solvents are observed 
only rarely or as side reactions, come to predominate. In the case of the 
decomposition reactions of the non-ionized diazo-compounds one may expect, 
as in the decompositions of the labile azo compounds, the appearance of 
radicals. In this case their detection can of course not be effected directly, 
as in the case of the detection of triphenyl-methy]l in the case of the fission 
of phenyl-azo-triphenylmethane ; it can however be considered as definitely 
established by the investigation of the reaction products formed with the 
solvents, and partly also by other experiments. The aromatic radical reacts 
here exactly as was pictured above (p. 790) for phenyl; an aromatic solvent 
is substituted in the para- or occasionally also in the ortho-) position; thus 
with carbon tetrachloride there is formed a chlorinated aromatic hydro- 
carbon. 

The analogy to the decompositions of the azocompounds discussed above 
comes especially clearly into the foreground if, for the reactions of the diazo 
compounds, one assumes not only a reaction of the diazonium salts, but 
also a reaction of the non-salt-like tautomeric form: 

[CDN Il c=. CHS Noe NCL 
the formation of which is favored by non-ionizing solvents. 

An example of a reaction of a diazo-compound in which the reaction of 
a diazonium ion [R—N,]* and of a diazo radical R—N, appear as compe- 
ting concurrent reactions is furnished by the reaction with alcohols. 

Phenyldiazonium chloride, and the sulfate as well, with methanol gives 
only anisole, while with ethanol it yields the corresponding phenetole, 

*8 For the proof of the formation of the R—O* radicals in the decomposition of 
organic hydroperoxides, R—O—O—H, by Fe-: in solution, such as for example from 
(CH;);C—O—O—H, by means of capture by reaction with butadiene, see: M. S. 


KHARASCH, Science, 113 (1951) 392. Here the radicals add on to the ends of the buta- 
diene molecule to yield about 85 % of the substance, 1,8-di-tert.-butoxyl-octadiene-2,6, 


(CH,),C—O—CH,—CH =CH—CH,CH,—CH = CHCH,OC(CH,) 





3° 
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but alongside of that also about 5 % of benzene and of acetaldehyde 219; 
C,H;N,Cl + CH,0H = C,H,OCH, + N, + HCl. 
Pe @iiort g CoH (K i ee Ny HCI 
CH Cr CHO, Ne as HCL 

When /-chloro- and p-bromo-phenyl-diazonium chloride react with meth- 
anol, they yield the methyl ethers as well as some halogenated benzene, while 
with ethanol, ether formation fails altogether, and the diazo group is com- 
pletely replaced by hydrogen. 

The formation of the phenol ethers corresponds to the formation of 
phenol itself when an aqueous diazo solution is boiled up; it is to be regarded 
as the result of the thermal decomposition of the diazonium ion and a 
reaction of the residual positive ion with the alcohol 22° (Cf. also p. 460). 

aN ch Ss es tee: Cr: 

C,H;+ + CH,OH —> C,H,OCH, + Ht. 
On the other hand several circumstances indicate that the replacement of 
the diazo group by hydrogen **!4 takes place via an intermediate radical stage: 


2C,H;N,Cl —> 2C,H; + 2Cl + 2Ng,, 
2C,H, + C,H;OH —> 2C,H, + CH,CHO, 221» 


Thus when this reaction is carried out in pyridine solution one observes 
the formation of 2- and of 4-phenylpyridine 22"; if the ions C, H;” and Cl- 


? 


were actually to appear in the intermediate step, one would have to expect 


219 This reaction has been known already for a long time. It was first studied 
quantitatively in more detail by A. HAntzscw and E. JocHem , Ber., 34 (1900) 3337. 
Recently M. L. Crosstey, R. H. KieENLE, and C. H. BENBROOK, J. Am. Chem. Soc., 
62 (1940) 1400, have also made quantitative studies. 

220 W. A. WaTERS, Chem. Rev., 21 (1937) 176, believes that the first step of the 
reaction in the formation of phenol-ether and benzene is the same, for according to the 
experiments of H. A. H. Pray (J. Phys. Chem., 30 (1926) 1477) the reaction- velocity 
in methyl and ethyl alcohols, as well as in other alcohols, as measured by the rate of 
N,-evolution, is the same, although the reaction products are different. This conclusion 
is however not binding, for in ethyl alcohol the predominant product is also the ethyl 
ether, and the formation of about 5 % of benzene could not greatly affect the rate of 
nitrogen evolution. For further discussions see also CH. E. WariNG and J. R. ABRAMS, 
J. Am. Chem. Soc., 63, (1941) 2757, according to whom the reaction velocities are 
practically the same in CH,OH, C,H;OH, m- and 1so- C,H,OH, and in m- and 1so- 
C,H,OH, although the energies of activation are different. This means the velocities 
can be the same only at some one definite temperature. 

221a The preparatively oft-used method of replacing the diazo group by hydrogen, 
by making use of the reducing action of alkaline stannite solution, is based on an 
entirely different course of reaction. In this case it is necessary to assume the formation 
of the unstable phenyl diimine, C,H;—N—=NH, as an intermediate step. 

221) The hydrogen is probably taken from the «-C-atom of the alcohol, for when 
C,H,OD is used do deuterium is transferred to the aromatic nucleus. It is hence not 
the H from the polar OH-bond that is bound or captured by the radical: A. F. 
REKASHEVA and G. P, MIKLUKHIN, Compt. Rend. Akad. Nauk S.S.S.R. (N.S.), (1951) 221. 

222 R. MOHLAU and R. BerGER, Ber., 26 (1893) 1994. 
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the formation of phenyl-pyridinium chloride, [C;H;N—C, H;] Cl. The 
pyridine hence captures the phenyl radical in exactly the same manner as 
in the decomposition of the azo compounds: 

2C,H, + C,H;N = C,H,C,H,N + C,H,. 

It is to be expected that other aromatic nuclei will also react in the 
corresponding manner. It is thus for example that we may interpret the 
formation of diphenyl from phenyldiazonium sulfate and benzene 7, 
Furthermore, the same process occurs in the Pschorr synthesis of phenan- 
threne 224, where the coupling of the aromatic residues constitutes a ring- 


closure: 


COOH COOH 
é | == C—H —_ (¢==C_H 
a ame PK 
Cor SIN Sec) eats 
Diazo compound of «-phenyl- Phenanthrene-9-carboxylic acid. 


o-amino-cinnamic acid 


Likewise belonging to this type are the modes of formation of diphenyl 
from phenyldiazonium chloride + benzene + AlCl,, or Sn Cl,, or from 
phenyldiazonium sulfate + alcohol + Cu powder 2°, 

In like manner, carbazole is formed by the diazotization of o-amino- 
diphenylamine: 


NH 
/A_/NE | NH ony 
OCOROR KOON SG eee ces: 
SSNH \N,Cl ne 


The detection and proof of the formation of reactive chlorine was fur- 
nished in particular also by Waters for the decomposition of phenyl- 
diazonium chloride in acetone solution. In this reaction mixture, added 
metals, such as antimony, bismuth, lead, yes, and even mercury, are attacked 
with the formation of metal chlorides, even in the presence of calcium car- 
bonate, which was added to capture the hydrogen chloride formed by other 


223 W. A. WatTERS, Nature, 140 (1937) 466. 

4 R. Pscuorr, Ber., 29 (1896) 496. Similarly, the formation of fluorenone from 
the diazocompound of o-amino-benzophenone is based on the same manner of reaction 
mechanism, W. STAEDEL, Ber., 27 (1894) 3363. STAEDEL had also already recognized 
the analogy to the observations of MOHLAU and BERGER, Ber., 28 (1895) 111. 

225 L. GATTERMANN, Ber., 23 (1890) 1226; furthermore, H. WIELAND, Ann., 514 
(1934) 148. Related to these reactions is the SANDMEYER reaction. While is this reaction 
a diazonium cation is formed at first, it then, by splitting out of N,, takes an electron 
from the anionic complex of the univalent copper, and thereby forms an aryl radical. 
Cf. W. A. Waters, J. Chem. Soc., (1942) 266. Cf. also This Text, SANDMEYER Reaction, 
pp. 802—8o06, 
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reactions. The explanation thereof will be given below. In the principal 
reaction the acetone is chlorinated in accord with the equation: 


C.H,N,Cl + CH,COCH, —> C,H, + CICH,:CO-CH, + N,. 


All of these reactions would be incomprehensible if they were to be considered 
as depending on the decomposition of a diazonium ion, for in this case no 
reactive chlorine, but only the stable chloride ion, could be formed 226, 

Likewise, the decomposition of the diazo-hydroxides can proceed with 
radical-formation if it is made to take place in non-ionizing solvents. In 
this case care must be taken that the diazohydroxide first formed in 
aqueous solution is extracted as rapidly as possible from the aqueous 
solution by means of some non-ionizing solvent. When such a decompo- 
sition is carried out in aromatic solvents, o- and #-substituted diphenyl 
derivatives are obtained in 5—40 % yields 2’; in carbon tetrachloride 
solution chlorobenzene and other chlorinated aromatic compounds are 
formed. 

The course of the decomposition of nitroso-acetanilide, I, and of other 
substances of similar structure, corresponds to the decomposition of the 
non-ionizing diazo-compounds; here too free radicals occur as intermediate 
products. Nitroso-acetanilide then reacts in the tautomeric form of phenyl- 
diazo-acetate, II; 


O 
A 
C,H;—N—CO,CH == C,H;—N — C,H; + N, + CH,—C—Ox 
| | Acetoxyl radical 
NO N—O—COCH, 
I. Nitrosoacetanilide prepared II. Phenyl-diazo-acetate 
from acetanilide and from phenyl diazotate 
HNO, 288 and acetic anhydride *?° 


226 When in the reactions between diazo-compounds and «, f-unsaturated carbonyl 
compounds, the aryl adds in the «-position, the halogen in the 6-position, the former 
probably adds on asacation, the latter as an anion. Cf. H. MEERWEIN, a. BUCHNER and 
K. van Emster, J. prakt. Chem. [2], 152 (1939) 237. On the other hand, in the case 
of other «, 6-unsaturated, compounds, and in the presence of CuCl, which MEERWEIN 
did not add, halogen adds in the «-, aryl in the (-position. Thus acrylonitrile yields 
x-chlorohydrocinnamic acid nitrile: 


CH,=CH-CN + [C,H;N,JCl + CuCl —> C,H;—CH, ve CN 
Cl 

See C. F. Koetscu and V. BorKELHEIDE, J. Am. Chem. Soc., 66 (1944) 412; compare 
also Ibid., 65 (1943) 57, for the assumption of a radical mechanism. Nevertheless 
F. BERGMANN and D. Scuaptro, J. Org. Chem., 12 (1947) 57, hold that an 1onic che- 
mical mechanism is more probable. 

227 M. GoMBERG and W. E. BacuMann, J. Am. Chem. Soc., 46 (1924) 2339; M. Goon. 
BERG and J. C. PeRNERT, J. Am. Chem. Soc., 48 (1926) 1372. 

228 ©, FiscHER, Ber., 9 (1876) 463. 

229 }{. von PECHMANN and L. Fropentus, Ber., 27 (1894) 651. For the relationships 
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Decomposition in benzene solution yields diphenyl, nitrogen, and acetic 
acid 230; in other solvents such products are formed in place of the dipheny] 
as can be regarded as resulting from the reaction with the solvent of the 
phenyl formed as an intermediate #1. The rate of the decomposition reaction 
as measured by the rate of evolution of nitrogen is in these cases always 
the same 282, The reaction liquid solution reacts with metals, as for example: 
zinc, tin, lead, even copper and mercury, are attacked, even in the presence 
of calcium carbonate, with the formation of the metal acetates 73°; this 
is of course not, as one might be inclined to assume, the consequence of a 
reaction with the acetoxy] radical, but must rather be explained in another 
way, as will be shown below. In some cases the acetoxyl radical decomposes 
with evolution of carbon dioxide 734. 

This interpretation of the reaction, which is supported in the same way 
by Hey and by WATERS, in contrast to HoDGSON 73° who assumes a polar 
mechanism, is a simplified scheme which, as HuIsGEN 7*° has shown, still 
requires amplification. HUISGEN first finds good and to him sufficient grounds 
for rejecting the hypothesis of Hopcson. Then, without thereby in any way 
changing the concept of a radical-like chemical mechanism for the course 
of the reaction, the new explanation takes account not only of the partici- 
pation, in the reaction, of the solvent, which is phenylated, as well as of 
the role played by the metals in their effect on the reaction. The simplified 
scheme retains its validity essentially only for those cases in which the 
intermediate appearance of the acetoxy] radical is indicated by the evolution 
of CO, resulting from its subsequent decomposition. 

The most important experimental reasons that seem to require such a 


between the acylated nitrosamines and the diazotates see further E. BAMBERGER, 
Ber., 27 (1894) 914. 

30 E. BAMBERGER, Ber., 30 (1897) 366. A. HANTzScH and L. E. WECHSLER, Ann., 
325 (1902) 226, 

231'-W. S. M. GriEVE and D. H. Hey, J. Chem. Soc., (1934) 1800. 

*82 The observation that in many cases the velocity of nitrogen-evolution is almost 
independent of the nature of the solvent (W. S. M. Grieve and D. H. Hey, J. Chem. 
Soc., (1934) 1800) is not to be explained on the basis of an always equally rapid mono- 
molecular decomposition into radicals. For prior to the evolution of nitrogen comes 
a rearrangement of the nitroso-acetanilide into the phenyl diazotate, and it is the 
velocity of this reaction which, as the slower one, 1s in essence measured by the evolu- 
tion of the nitrogen. The kinetic proof for this, conducted by using the likewise equally 
rapid coupling reaction with various phenols, was carried out by R. HuisGen and 
G. HorELp, Ann., 562 (1949) 143 etc. 

233 W. A. WaTERS, J. Chem. Soc., (1937) I113. 

_ 34 D. H. Hey and W. A. Waters, J. Chem. Soc., (1948) 882, defend themselves 
in answer to H. H. Hodgson’s criticism of their assumption that radicals participate 
in the rearrangements of certain aromatic diazocompounds. 


*85 H. H. Hopacson, J. Chem. Soc (1948) 348; J. Soc. Dy } 
: : . eg fe . Dyers, Colorists, 64 (1948 ‘ 
*86 RR. HuIsGEN and G. Hore Lp, Amn., 562 (1949) 137. akg 
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supplementation, since they seem to point against the appearance of really 
free radicals, are the following: 

I. The absence in most cases of the decomposition-involving CO,- 
evolution. 

2. The absence among the products of reaction of phenyl acetate, the 
formation of which would be expected from either benzene and acetoxyl 
or from phenyl and acetoxyl. 

3. The absence of a reduction of nitrobenzene when it is used as the 
solvent ;—essentially only o- and #-phenylation, with less m—, are observed. 
According to the hypothesis of HEy and WaTERs one ought to expect that 
the hydrogen atoms liberated by the phenylation of the nucleus would at 
least in part effect a reduction of the nitrobenzene. No such reducing action 
is observed, even on quinone when it is added to the reaction mixture. 

4. Metal added to the reaction-mixture does not capture the acetoxyl 
to form a metal acetate, but rather very strongly catalyzes the reaction, so 
that in its presence the decomposition begins to occur already at o°C. 

Since the observations 1) to 3) can scarcely be accounted for in terms 
of really free radicals as intermediate steps, HUISGEN assumes that the 
radical-like reaction takes place within a field of forces constituted by the 
phenyl diazotate and the solvent, i.e. in a reaction-cluster (See This Text, 
Chapter VII, p. 558, footnote 185) from which the radical does not at all, 
or only rarely, leave, and that can be represented pictorially as follows: 


ie ais a. aes 
VU 


A + ae 
zp ae | 
< »-H O=C—CH, Pe Pp HO—C—CHg. 
The initiation of the decomposition-reaction by metals, as found for the 


diazonium salts as well as in the case of nitrosoacetanilide (Compare p. 799), 
depends on an electron-transition on the metal surface: 


C,H,—N,Ac+Hg —> C,H,+N, +Hg +Ac-. 


where Ac = acetoxyl, or also Cl, or other acid groups. 

In the case of metals which like mercury tend strongly toward the forma- 
tion of metallo-organic compounds, such as Sn, Sb, or also As, Te, or Se, 
a further reaction between the radical and the metal ion may lead to an 
increase in the valence of the metal: 


C,H, +Hg+Ac’ —» C,H,;—Hg—Ac. 


The formation of the low-energy Ac’- ion in place of the higher energy 
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Ac-radical, which becomes possible by electron-uptake from the metal 
during the decomposition reaction, aids the dissociation **. The formation 
of the acetates from the metals is then not a consequence of the reaction of 
a free radical therewith, but can be explained by the reaction-scheme here 
given. This explanation holds also for the reactivity of chlorine (See p. 
798) toward metals in the decomposition of phenyl diazonium chloride; 
it is due then not to the formation of atomic chlorine, even though the 
decomposition of phenyl diazonium chloride under the conditions mentioned 
does take place by a radical type reaction chemical mechanism. 


(e) The Sandmeyer Reaction 


In the SANDMEYER reaction the decomposition of a diazonium salt with 
the liberation of nitrogen leads to the replacement of the diazo group by 
halogen, cyanogen, or under some circumstances also by other groups. The 
reaction can be carried out either by means of the thermal decomposition 
of suitable diazonium salts 738 or in aqueous solution 789, Special conditions 
are necessary to bring it about, and these are not the same under all cir- 
cumstances. A knowledge of these conditions is absolutely essential for an 
understanding of the course of the reaction. If the thermal decomposition 
of a dry diazonium salt is to lead to the aim in view, a complex halogen salt 
must be heated *4°. The best-known example is the introduction of fluorine 
into the aromatic nucleus. This can be effected smoothly only by the decom- 


position of diazonium salts of hydrofluoboric acid 24! according to the 
equation: 


[ArN,]BF, = ArF +N, + + BF,. 


In aqueous solution these salts do not decompose; they can in fact, in 
contrast to the diazonium chloride salts, for example, be recrystallized from 
warm water. 

Usually, however, the SANDMEYER decomposition reaction is carried out in 
aqueous solution. In this case only the iodides react smoothly 238, In order to 
obtain worthwhile yields in the introduction of chlorine, bromine, or cyanogen, 
the working directive usually demands the presence of a cuprous salt (SAND- 
MEYER **?, occassionally also of copper powder (GATTERMANN 242) The intro- 


*87 Compare also W. A. Waters, J. Chem. Soc., (1939) 864. 

238 P. GRIESS, Ann., 137 (1866) 52. 

239 T. SANDMEYER, Ber., 17 (1884) 2650; 23 (1890) 1880. 
H. W. ScCHWECHTEN, Ber., 65 (1932) 1605. 

G. Batz and G. ScuieMann, Ber., 60 (1927) 1186 

L. GATTERMANN, Ber., 23 (1890) 1218: 25 (1892) 1091. 
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duction of fluorine, however, is not favored by these means; in this case it 
is necessary to operate in concentrated hydrofluoric acid in order to obtain 
even mildly satisfactory yields. In some special cases the cuprous salts may 
be replaced by cupric salt, or by zinc chloride, especially when the aromatic 
nucleus into which the halogen is to be introduced already contains certain 
substituents, especially nitro groups 243. 

Without the presence of these catalysts the reaction proceeds almost 
exclusively to give phenol, even in the presence of strong hydrochloric or 
hydrobromic acid. It is of course true that with 38 % HCl, an almost 50 °% 
yield of chlorobenzene is obtained. 

The formation of minute amounts of halogenobenzene in this reaction 
proves however that a competition takes place between the reactions of 
the diazonium cation with the water and with the halogen ion. The latter 
reaction is catalyzed by the above named salts. The catalysts are all com- 
plex ion-formers; the formation of the complex will hence be of significance 
in aqueous solution just as well as it is in the case of the thermal decompo- 
sition in the dry state. Of course it is not the only deciding factor, for by 
it alone neither the special role of the cuprous salts 244, nor the smooth 
conversion of the iodides, can be explained. 24° 

The thermal decomposition of the cation of a diazonium salt can take 
place by itself only if the two electrons that bind the aryl residue to the 
nitrogen atom remain with the latter, so that an aryl cation is formed; this 
then finds itself an anion: 

[Ari—-N.i*, = Art 4-N,; 
Art -- X~ = ArX. 

In the solid state this decomposition will run the more smoothly and 
completely the more strongly heteropolar the diazonium salt is built. Since 
the heteropolarity is increased by complex-formers, their effect is clear with- 
out any further explanation. 

In aqueous solution the case is quite different. The diazonium salt of a 
strong acid is in this case ionized completely from the very beginning, 
regardless of whether or not the acid is a complex one. In this case then 
complex-formation can exert an influence only if it is able to increase the 


243 Hf. H. Hopcson, St. BirTWELL, and J. WaLkER, J. Chem. Soc., (1942) 724, 
(Tables III and IV). Compare also H. H. Hopason and C. K, Foster, J. Chem. Soc., 
(1942) 581; and P. H. GroaaIns, Unit Processes in Organic Syntheses, McGraw-Hill 
Book Co. New York and London, 2nd edition, 1938, p. 199. Compare also F. D. 
CHATTAWAY, J. Chem. Soc., 125 (1924) 1981, for the case of PbC],. 

244 SanpMEYER himself believed that cuprous salts are absolutely necessary without 
exception, and Hantzscu also still made this assumption, Ber., 33 (1900) 2547. 

245 Possibly the complex-ion tending iodides undergo sufficient complex-formation 
already with the excess HI present; see This Text, p. 805. 
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reactivity of the otherwise so stable and unreactive halogen ion. The creation 
of very stable complexes, such as of BF’,, can therefore be of no use in 
aqueous solution ; the complexes that help must rather be such as decompose 
rather readily, and are thereby able to give off a halogen ion in some reactive, 
or, nascent form. This halogen ion then enters into successful competition 
with the water in the decomposition of the diazonium cation. The reaction 
in this case is, however, not simply monomolecular, but proceeds either 
by way of a collision with a water molecule,—in which case it is pseudo- 
monomolecular, due to the great excess of the solvent agent,—or with the 


halogen-yielding complex ion 4°: 
[Ari—N,]t+ = a Ar+N, 
tio bx HY 
[Ar —N,]* Ar +N, 
eee 
Sieg to ae 


This explanation for the course of the reaction fails however to account 
for either the special function of the cuprous salt or of the iodide ion and 
compounds. What these two have in common is their relatively easy oxidiza- 
bility; both readily give up or lose an electron. 

As soon, however, as electron-donors enter into the play, then the nitrogen 
formed need no longer unconditionally carry along and away its two elec- 
trons from their bonding with the aryl residue. Rather on the other hand, 
this bond can now be loosened and broken in such a way that each of the 
two partners retains one of the electrons; the nitrogen then takes a second 
one from the electron-donor, and becomes gaseous nitrogen, N,; the aryl 
residue remains as a radical: 


Cul —> Cull+6;o0rCu -—> Cul+6, or Cul+QO -—> > Cu. 
ey Spel bi = Ar +N,. 
S 


The aryl residue may now either react with the complex, which has by 


*46 The supposition that the halogen originates from out of the complex was first 
expressed already by HANtTzscu, and supported by experimental evidence : A. HANTZSCH 
and J. W. BLaGpeEn, Ber., 33 (1900) 2544. The result of ‘mixed’? SANDMEYER reactions 
(with cuprous chloride and concentrated HBr and cuprous bromide in concentrated 
HCl) is only in seeming contradiction to this assumption, H. H. Hopcson, Sr. Brrt- 
WELL, and J. WALKER, J. Chem. Soc., (1941) 770. For the literature on this question 
pe a H. SaunveErs, The Avomatic Diazo Compounds, p. 154, Arnold and Co., London 

1936). 
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the giving-up or loss of an electron become oxidized to the cupric state 247, 
by taking from the latter one halogen, and thereby again reducing it: 


Ar + xX> = G.H x +, 
Cul+Q = Culand/or Cul +6 = Cu, 


or it may dimerize. Indeed the formation of diaryl compounds in the SAND- 
MEYER reaction has actually been observed by several authors *48, 


2Ar -— > (Ar), 


The univalent copper, or the metallic copper as well, here serves as an 
electron-carrier. In the case of the formation of the iodides, the iodine 
changes its stage of oxidation, 

2’ = 1,4+26e, 

with the I, at the same time also capable of forming the reactive complex 
ion I,’ with the iodide ion. That an oxidation of the iodide ion is truly 
essential is shown by the circumstance *4° that the SANDMEYER reaction 
fails to take place in the presence of reducing agents such as NaHSQ, or 
Na,S,03, but proceeds immediately as soon as cupric sulfate is added. 
Furthermore, the introduction of an iodine atom is fostered more by the 
presence of mineral acid than by acetic acid ™°, in conformity with the fact 
that iodides are also oxidized more readily in the former. 

The diazonium cation hence acts in this type of reaction as an electvon- 
using oxidizing agent, while the aryl radical remaining after the splitting-off 
of the nitrogen acts as a reducing agent, unless it dimerizes. The recognition 
of these relationships is due to WATERS ”°°. 

The SANDMEYER reaction can therefore be brought about by two different 
chemisms or chemical mechanisms; in the one an aryl cation, in the other an 
aryl radical, is formed as the intermediate step. Which of the two chemical 
mechanisms will hold ina given case depends on the nature of the diazonium 
salt being decomposed, as well as on the experimental conditions. The chemi- 


247 The structure of this complex is not known with certainty. Possibly the trans- 
formation, 3 
Cues. 2). 1 CalGh’ in Gudlpt CU, 
enters into the picture. The formulation of the cuprous salt complex as [Cu, Cl,]”, as 
used by Hopcson and Coworkers, J. Chem. Soc. (19 41) 771, hasnot been proved. The 
complex ions that react in the solution need not be identical with the ions of the 
complex compounds, [ArN,]Cu,Cl, or [ArN,]Cu,Brs, isolated in certain cases in 
the solid state. Cf. E. LELLMANN and A. Remy, Ber., 19 (1886) 810; A. HANTZSCH, 
Ber., 28 (1895) 1752. 

248 On this matter compare also H. H. Hopason, St. BrrRTWELL, and J. WALKER, 
J. Chem. Soc., (1941) 774. 

249 Cf, also p. 773 of ref. 248. 

250 W.A,WartTERS, J. Chem. Soc., (1942) 260. Besides this, the oft-observed forma- 


tion of azocompounds as by-products of the SANDMEYER reaction, —H. ERDMANN, Ann., 
272 (1893) 144,—is to be interpreted in the same way (Cf. also p. 269in WATERS’ paper). 
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cal mechanism via the aryl cation, and demanding only a reactive complex 
as a halogen carrier, will take place when the bond between the aryl and the 
—wN, in the diazonium cation is strongly polar in the sense of the structure 
Ar’—N, “1. In other cases the reaction taking place will be the typical 
SANDMEYER reaction, the course or chemical mechanism of which is related 
to that of the decomposition of the non-ionized diazohydrates and their 
derivatives. 

In all then we have the following typical decomposition reactions of the 
diazo compounds: 


A. Chemical mechanisms with radicals. 


(1) Nitrogen-fission from non-ionized diazohydrates and their derivatives. 

Replacement of the diazo group by hydrogen, formation of diaryl com- 
pounds from diazo compounds and aromatic nuclei, formation of phenyl- 
arsinic acids according to Bart ?°?. 

(2) Nitrogen eliminations from diazonium cations under the catalytic 
action of an electron-carrier as transmitter. 

Typical SANDMEYER reaction. 


B. Polar Chemical Mechanisms: 


(3) Thermal decomposition of solid, strongly polar, diazonium complex 
salts. 

(4) Reactions of the diazonium cations with water or alcohol. (Boiling 
up of a diazo solution with a solvent). 

(5) Reactions of diazonium cations of polar structure with complex anions 
as halogen carriers. 

SANDMEYER reactions of the anomalous type. 


(f) Rearrangement of Tetraphenyl-Succino-Dinitrile 


A particularly careful kinetic investigation to decide the question whether 
radicals must be considered as intermediate states in connection with the 
mechanism for the course of a reaction has been carried out by G. WItTTIG 
in the case of tetra-phenyl-succinic acid dinitrile 23. 

In neutral solvents this substance dissociates reversibly into radicals; 


*51 H. H. Hopcson, St. BrrtweELt, and J. WALKER, J. Chem. Soc., (1941) 772, 3rd 
paragraph, and also Ibid., (1942) 720, fora general summary and review, 

aya 1 EE Bart, Ann., 429 (1922) 95; also W. A. Waters, J. Chem. Soc., (1937) 2014 
The reaction between sodium arsenite and a diazo compound is carried out in a very 
weakly alkaline solution, and is hence not a decomposition of a diazonium arsenite salt. 


a8. G Wittic and H. Perri, Ann., 513 (1934) 25; also Ura Pockets, Dissertation 
Braunschweig, 1937. 
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in the presence of bases such as dimethylaniline it undergoes rearrangements. 
The dependence of the time-course, or kinetics, of this reaction on the con- 


centration of the amine shows that the rearrangement proceeds via the 
free radicals, as follows: 


iC.H,),>c—c <(C,H,)2 I 2(CgH,)e>C™t 1 254 
= | abe CTIA Ea CHCA, 
CN CN CN Ms aceae 


At high amine-concentrations the reaction is of the first order, and its 
velocity is almost independent of the concentration; in this case the mono- 
molecular dissociation of the dinitrile (I) determines the velocity of the 
reaction. If the rearrangement were an intramolecular reaction catalyzed 
by the base,—and hence again a monomolecular isomerization,—its velocity 
would have to depend on the concentration of the catalyzing base. At very 
low concentrations of amine the reaction becomes second order, and its 
velocity is proportional to the concentration of the amine. Under these 
circumstances then, the bimolecular union of the radicals, as the slower 
stage (Il), determines the rate of the reaction. The mode of action of the 
dimethylaniline, and of other bases, consists then in a catalytic influence 
onthe union of the radicals (Step II), while the dissociation into the radicals 
(Step I) remains unaffected. In the presence of large amounts (high concen- 
trations) of catalyst, step II proceeds so rapidly that step I acts to retard 
the reaction and to determine its rate. As the concentration of the catalyst 
is reduced, step II proceeds more and more slowly, and finally takes place 
more slowly than does I, so that the kinetic measurements give only the 
rate of step IT. 

Furthermore, not all reactions of tetraphenylsuccinic acid dinitrile pro- 
ceed via the free-radical mechanism. The reaction with nitrogen dioxide, 
which in chloroform solution rapidly leads to diphenyl-nitro-acetonitrile ; 

(CgH;),>C—C<(C,H;), +2NO, —> 2 (C.H5). >C—NOg, 


fre | 
CN CN CN 


takes place much more rapidly than does the dissociation of the dinitrile 


254 The irreversible union of the two radicals must be conceived of as the result 
of a reaction of one of the two in a mesomeric quinoid form: 


ee oe (GAs t26— oS 
a gee aa 
“ap 8 Eee a <>) C,H; ash —> | III 
6**5 | Luly Mae rae +. bathe tera 4 
CN | CN 


| C,H, 
H cXc=N. 
C,H 
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into free radicals. From this it follows that the nitrogen dioxide does not 
merely capture ready-formed radicals, but,—itself to a certain extent a 
reactive radical,—brings about the dissociation of the undissociated dinitrile 
at the weak C—C-bond ?°°. 

The possibility of radicals as intermediate steps has also been excluded 
in the following reactions: — the disproportionation of hydrazobenzene to 
azobenzene and aniline ?°*; the isomerization of nitroso-amines to para- 
nitroso-compounds (Cf. p. 264) ?°7; the benzidine rearrangement (Cf. p. 492). 


(g) Syntheses in Grignard Reactions 


Hydrocarbons formed by a modification of the WuRTz synthesis are often 
observed as by-products of GRIGNARD reactions. That a true WuRTz-type 
synthesis, 

2RBr +Mg = MgBr, + R—R, 
should be possible during the preparation of the Grignard solution need not 
surprise us, but that a dimerization of the radicals, or, a union of a radical 
R with an R’ of another added halide, to yield a compound R—R’, should 
be possible in the already prepared solution, in which the equilibrium, 


2RMgBr <> MgBr, + Mgk,, 
prevails, is indeed remarkable. For when no metallic magnesium is present 
no Wurtz synthesis can take place, and a reaction such as, 
2RMgBr = R—R + MgBr, + Mg, 
would require the formation also of magnesium metal. It is only when the 


formation of the latter is completely prevented by oxidation, as effected for 
example by oxygen, that a dimerization due to the following reaction: 


2C,H;MgBr + = O, = C,H,—C,H, + MgBr, + Mgo, 
can be observed. 
If, however, in the absence of oxygen, such a dimerization does occur, 


the reaction cannot be a Wurtz-type synthesis, but is rather a very slow 
double decomposition with the added halide: 


CH,Br + BrMgC,H, = CH,—C,H, + MgBr,. 


No diphenyl is formed thereby. Its formation is possible rather only in the 
presence of certain heavy metal salts, among which cobalt occupies a pre- 
ferred position. The course of the reaction is then changed completely; free 


#55. G, WiTTie and.U., PocKELs, Ber., 69 (1936) 790, 
256 H. WIELAND, Ber., 48 (1915) 1103. 
257 H. WIELAND, Ann., 381 (I91I) 213. 
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radicals appear, and react not only with one another, but they also undergo 
disproportionation, as well as reactions with the solvent molecules 258. 

If, for example, from 3 to 5 % of CoCl, is added to a GRIGNARD solution 
of phenyl magnesium bromide and methyl bromide, a vigorous reaction 
sets in, and a gaseous mixture consisting of 62 % CHjet8,% C,Hivand 
20 % C,H, is evolved. Under similar conditions a mixture of C,H;Br and 
BrMgC,H; yields 40 % C,Hg, 60 % C,Hy, ethylbenzene, and diphenyl. 
Phenyl magnesium bromide alone yields only diphenyl. 

That phenyl magnesium bromide in the presence of cobalt chloride smooth- 
ly yields diphenyl, while it does not do this otherwise, is due to the fact 
that the simultaneous formation of magnesium metal, or of an oxidation 
process yielding the necessary energy, is then no longer necessary. The 
cobalt chloride enters into this process as follows: 

C,H;MgBr + CoCl, ~= C,H,;CoCl + MgCIBr; 
2C,H;CoCl = C,H;—C,H,; + 2CoCl. 

The CoCl, is hence reduced to CoCl when the C,H, radical dissociates 
from the C,H;CoCl. No other type of dissociation is possible if an electronic- 
ally neutral cobalt salt is to be formed. If no other possible reaction-partner 
is present, the cobalt chloride is oxidized by (atmospheric) oxygen. If, 
however, it succeeds in finding a halogen, then it reacts with this, oxidizing 
itself, and uniting with the halogen to liberate a free radical, as for example: 


CoCl + CH,Br = CH, + CoCIBr; 
CoC] + C,H,Br = C,H; + CoCIBr. 


In the case of ethyl the subsequent reactions involve a disproportionation 
to ethane and ethylene, and in part a synthesis with a phenyl radical to give 
ethylbenzene. 

In the case of methyl the subsequent reactions are more complicated. 
On the one hand it captures a hydrogen atom from the ether-solvent to 
form methane; on the other it also undergoes exchange with the ethyl 
radicals of the ether: 

Chir Hi OL 6 Hee C,H 0=CHy aC Hp 
and the latter then undergo disproportionation. In the case of ethyl such 
an exchange will also take place, but here no new products are formed. 
A dimerization of the aliphatic radicals is not observed. That all of the 
ethane is the result of the disproportionation of C,H; radicals, and is not 
formed in part from 2 CH, follows from the equality, within experimental 
error, in the amounts of ethane and ethylene, 18 and 20 % respectively. 


258 M.S. Kuarascu and Coworkers, J. Am. Chem. Soc., 63 (1941) 365, 2316; 65 (1943 
493, 495; 06 (1944) 365. 
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The alicyclic chlorides behave differently than do the aliphatic. In the 
absence of cobalt chloride, they undergo practically no synthesis with 
magnesium bromide, but rather lose hydrogen chloride to form unsaturated 
hydrocarbons. In the presence of 3—5 mole per cent of cobalt chloride, 
however, CH,, C,H, and C,H, are formed from the methyl radical and 
ether, while at the same time considerable amounts of the alicyclic radical 
undergo dimerization. That the alicyclic radicals are involved here follows 
also from the fact that the products of their disproportionation are also 
found, and indeed the saturated and the unsaturated hydrocarbons almost 
always in equivalent proportions. Table 8 on the yields of various products 
obtained from the reactions, 

CH,MgBr + RCl + 3 to 5 % CoCl,,. 
gives a picture of the situation. 


TABLE 8 
YIELDS OF GRIGNARD REAGENT WITH R-CHLORIDE IN THE PRESENCE 
OF COBALT CHLORIDE 


























Total 
Radical conver- . Uneerdi oar. 
(R) sion Dimer md het ine CH, C,H, C,H, 
percent carbon | carbon 
Cyclohexyl 86 26 29 ~27 85 9 6 
trans-2-Methyl-cyclo- 
hexyl * 87 27 23 ~ 28 77 15 8 
cis-2-Methyl-cyclo- 
hexyl * 89 22 31 ~ 34 83 9 8 
Borny] 98 63 20 ~15 72 19 8 
1so-Borny]** 94 31 44 +19 77 15 8 











* The steric purity was doubtful. 
** The large amount of unsaturated hydrocarbon in this case can be explained as 


due directly to the great ease with which hydrogen chloride is split out of zso-bornyl 
chloride. 


Benzyl and other radicals of the allyl type also dimerize. 

It is interesting to know what the intermediately formed CoCl does to 
the acid chloride. Benzoyl chloride is quite correctly and logically converted 
to benzoyl radical; this then in turn reacts with ether to form benzoic 
ethyl ester and ethyl radical, which latter undergoes disproportionation: 


CsH,COCl + CoCl = C,H,CO + CoCh, 
C.H;CO + (C,H;),0 = C,H,COOC,H, + C,H,, 
2C Hy” > (6.8 4 CH, 


The reaction of the benzoyl radical with the ether corresponds completely 
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to the reaction between benzoyl chloride, ether, and sodium, which takes 
place almost quantitatively to form ethyl benzoate, the sodium taking hold 
of the chlorine, and leaving the reactive benzoyl radical 259: 


CsHsCOCI + Na + (C,H;),0 —» C,H,COOC,H, + NaCl + C,H,. 


(h) Intramolecular Radical Migrations 


In former attempts to describe them, the rearrangement-reactions were 
often spoken of as radical-migration reactions, as for example for the pinacol 
and retro-pinacol rearrangements. The migrating group, such as methyl, 
was simply a radical, without one’s taking into consideration whether it 
really migrated as a true radical with an unpaired electron, or as cation, 
or as an anion. Today we try whenever possible to decide between these 
three possibilities, and thus to assign the various rearrangement-reactions 
to the classes Sy, S;, and S, of substitution-reactions. The pinacol and 
retropinacol rearrangements named above then appear no longer as the 
results of radical-migrations. Instead the circumstances under which the 
groups migrate, as discussed in Chapter VI, pp. 405—457, prove conclusively 
that these groups migrate as cations. A similar situation holds for the allyl- 
rearrangements that take place as a result of an electron-shift in the meso- 
meric allyl cation after the migrating halogen or other acid residue has 
separated off as an anion. The favored formation of an allyl cation can be 
explained theoretically by the mesomerism prevailing therein. 

This does not however in any way mean that all allyl rearrangements 


Xx 
occur in this way. For in the allyl radical CH,=CH CH, (* = unpaired 
electron) as well, mesomerism can take place due to the ready shifting 
or mobility of the double-bond electrons. Thus there results a uniform 
distribution of the electrons that could be formulated as an intermediate 


state, Ce SM ons Bs or CH, -CH—CHg, between the two limiting formu- 


las, CH,=CH—CH, and CH,—CH=—CH, (See Vol. II, Chapter XVII, 
Section xv7). But even without resorting to this today possible theoretical 
explanation for the relative stability of an allyl radical, O. Mumm was able 
to conclude on the basis of his experimental results that in the case of the 
allyl migrations which occur from the oxygen to the carbon atom in the 
rearrangements of the phenol allyl ethers into the allyl phenols 7°, and that 
could be related to an allyl rearrangement, it is the allyl radicals that do 


259 T. A. Peart, TH. W. Evans, and W. M. Deun, J. Am. Chem. Soc., 60 (1938) 2479. 
No attempt was made here to find reaction-products other than ethyl benzoate. : 

260 L. CLAISEN, Ber., 45 (1912) 3157. For further literature see This Text, Chapter V; 
p. 365, footnote 281, also p. 400, footnote 12. 
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actually migrate 261. The same is true for the rearrangement of allyl thio- 
cyanate into allyl mustard oil, 


CH,=CH—CH,-S—C=N -—> CH,=CH—CH,—N=C=S. 


The rearrangements of the allyl phenyl ethers, which take place on boiling, 
and especially easily with tertiary bases, can lead to either o- or to p-allyl- 
phenols; the latter occurs when both o-positions are already substituted. 
The position of attachment of the allyl group, which is a marked one when 
substituted allyl groups are used, may, but need not, be retained when 
migration into a p- position takes place ®*, but always changes when an 
o-allyl-phenol is formed 2*. It is even possible that aside from the usual 
allyl rearrangement still other structural changes in the carbon skeleton of 
the allyl group may occur 264, We shall however not here go into any details 
of this phenomenon. 

The conclusion that it is vadicals that migrate in the allyl migration is 
based on the following observations ?*: 

On boiling with diethylaniline, both of the two isomeric allyl phenol ethers 
I and II (I with the straight, II with the branched, chain) pass over into the 
same p-allyl-phenol, IV, with a straight chain: 


C,H; 
| 
Oi taar CATR rE O—CH—CH=CH, 
\ 
Jn 
HC a COOCH, H,C a COOCH, 
I NZ J (CoHs)2NCH5\, YZ ul 
pees 
CH,OH +| KOH CHOH | 4+ KOH 
ae 
GLO CCR eH OH OH 
| | 
i 3erk D 
H.C 7 ) COOH HC it COOCH,. He 7 coon 
III ie L CH,OH + KOH sha} 
| 


IV CH,CH=-CH-G.H, V CH-CH-CH- Cr. 


x: First of all by O. Mumm and F. Mo ter, Ber., 70 (1937) 2214. 
ieee a foal pie HOLzeErRN, Ber., 66 (1933) 1137; E. SPATH and F. KuFFNER, 

ot L. CraIsEN and E. TieTzeE, Ber., 25 (1925) 275; 59 (1936) 2344. 

*64 The «-A,-hexenyl ether of the p-hydroxy-benzoic acid ethyl ester gives both the 
normal product of rearrangement, 3-|%-methyl-y-ethyl-allyl]-4-hydroxy-benzoic acid 
ethyl ester, involving a migration of the position of attachment from the «- to the 
Y-position, as well as an anomalous product, 3-[%-propyl-allyl]-4-hydroxy-benzoic acid 


VL RADICALS AS INTERMEDIATE PRODUCTS 813 


In the case of compound II the rearrangement can also be effected by strong 
methyl alcoholic potassium hydroxide, which simultaneously saponifies the 
esterified carboxyl group, yielding compound V, which latter can also be 
obtained by saponification of IV. In the case of I, alcoholic KOH effects 
only saponification without allyl migration. The circumstance that in the 
case of II the allyl migration takes place in the presence of strong alkali, 
without any trace of a substituted allyl alcohol corresponding in structure 
to either a straight or a branched chain being found, is conclusive evidence 
against the appearance of an allyl cation as an intermediate step, for, as 
the usual allyl rearrangements show, such a cation reacts immediately with 
hydroxyl ion to give an alcohol. 

While the result of this experiment does definitely exclude an allyl cation 
as an intermediate step, it does not point directly to the appearance of a 
vadical as an intermediate step. This assumption does however very easily 
explain the already older observations that when allyl migrates into the 
p-position diallyl is also formed. The radical brings along the electron 
necessary for bonding toa like group, the cation with its electron-deficiency 
would lack this. The formation of allene likewise observed could of course 


ethylester = $-hexenyl-A,-p-hydroxy-benzoic acid ethyl ester, in which the allyl 
residue is attached to the benzene ring by the 6-position: 
gtd 2 Bg 


CH OH 
| CH=CH; 


O 
A pS GH OH se a 

| ny SCH. CH—Cn, 
Yn 


Normal product 
COOC,H; 
OH 
+ J 
re CH—CH=CH—CH,—CHs; 
| 


vy, Gre 


| 
COOC,H,; 
Anomalous or Abnormal product. 


W. M. Laver and R. M. Leextey, J. Am. Chem. Soc., 61 (1939) 3043- For further 
papers on this rearrangement of the allyl ethers, see [bid., p. 3042; also W. M. LAUER 
and H. H. UnenapeE, J. Am. Chem. Soc., 61 (1939) 3047. A corresponding anomaly is 
observed also in the case of the «-ethyl-allyl phenyl ethers, 


< -0—CH,—CH=CH—CoHy 
W. M. Laver and W. F. FILBERT, J. Am. Chem. Soc., 58 (1936) 1388. 
265 O. Mum, H. Hornuwarpt, and J. DiepRICHSEN, Ber., 72 (1939) 100, O. MumM 
and J. DIEDRICHSEN, Ber., 72 (1939) 1523. In this paper, on p. 1525, see also the authors 
stand relative to the different interpretation given by Cu. D. HurD and M. A. POLLAck, 


J. Org. Chem., 3 (1939) 55°- 
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be explained equally well by the loss of a proton from the cation, or by 
the loss of a hydrogen atom from the radical. 

If then the allyl migration to the f-position is the result of a reaction 
that proceeds by an in principle S,1-substitution, then the migration to the 
o-position is to be regarded as the result of a true intramolecular type of 
rearrangement that proceeds, in principle, like an S;,2-type of substitution. 
The picture already given (This Text, Chapter VI, p. 400) for this reaction 
must then be made more detailed and precise by indicating that the allyl 
group separates off from the oxygen atom as a radical: 


C. OH 
4 ie eat bs og x 

te aa ue : 
ey te ote Fee CH, 

I iin hi mena 4, | 

rT Git — 
eat Nec R a Rae 

| net 

H ist 


The allyl migrations related to the allyl rearrangements, and that lead 
to benzo-phenyl allyl amide and to allyl mustard oil, are to be considered 
in the same way as true intramolecular rearrangements of the type of the 
radical-like substitution reactions S,2, and formulated by a corresponding 
separation of the bonding electrons and bonds 2°, 


(i) Radicals in the Electrolysis of the Salts of Aliphatic Acids 


Of quite a different nature than the proof discussed above is that used 
in connection with the appearance of radicals in the electrolysis of the salts 
of the aliphatic acids. 

In the electrolysis of the salts of aliphatic acids under suitable conditions, 
as Kolbe found already in 1849, and especially in the case of the acetates 
using high current densities and concentrated solutions, the acid anion 
liberated at the anode may in the main undergo loss of CO, to yield the 
hydrocarbon that would be formed by dimerization of the alkyl group present 
in the acyl radical. It is easy, and it seems reasonable, to assume that in 


this Kolbe synthesis of ethane the alkyl methyl first appears as a radical, 
and then dimerizes: 


CH,COO = CO,+CH,;; 2CH,; = C,H, 


20 OF Mum and Coworkers, see references 261 and 265; also Natural Science Research 
and Medicine in Germany 1939—1946 (The American FIAT Review of German Science) 


Vol. 34 Theoret. Org. Chem. I, pp. 137 etc. (pp. 178 etc. in translation by O. W. 
Leibiger Research Laboratories, Petersburg, N. Y., 1950). 
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It is, however, also conceivable that the acyl radical first dimerizes to a 
peroxide, analogous to the formation of $,0,” from semi-discharged SO,”. 
This peroxide could then, with the co-action of the solvent, decompose into 
carbon dioxide and hydrocarbon, as in the case of the thermal decomposition 
of the dry diacyl peroxides (Compare p. 793): 


(ROOO), 49C, He a ho OO, eC COOH. 
and analogously 


(REOO) 4 HO! oS Ry COs HOCOOR: 


The peroxide theory was advocated in particular by FIcHTER 267. It is, 
however, not able to explain, without arbitrary forcing, the by-products 
of the KOLBE reaction, to say nothing of the fact that it has never been 
possible to detect the by no means, at least in the pure state, so unstable 
diacyl peroxides among the products of reaction at the anode 2°, 

The necessary rejection of the peroxide theory does not however prove 
that the electrolytic KoLBE reaction takes place by way of radicals. Such 
a proof could only be brought by a careful study of the side-reactions 
that accompany the synthesis. Decisive in this connection was the recog- 
nition of the source of the hydrogen in the resulting hydrocarbons as coming 
from either the electrolyzed acid or from the water. The answer to this 
question could be obtained only by the use of deuterium as an indicator. 
It was, however, first necessary to determine whether, and to what extent, 
a deuterium-exchange not related to the reaction could be expected under 
the given experimental conditions. Experiments along this line 76 were 
made both with acetates as well as with the salts of higher fatty acids. 
These latter usually yielded as chief product an olefin with the same number 
of carbon atoms per molecule as were in the fatty acid, and only small 
amounts of the paraffin formed by KoLBeE-synthesis alongside of other re- 
action products. For this reason the proof becomes rather difficult in these 
cases. Therefore we shall here give only the results obtained with the 
acetates 270, 

On electrolysis the acetates yield not only ethane and carbon dioxide, 
but also small amounts of degradation products of acetic acid, formed by 


267 F. FICHTER and E. KRUMMENACHER, Helv. Chim. Acta, 1 (1918) 146; F. FICHTER 
and L. Pannizon, Helv. Chim. Acta, 15 (1932) 996; F. FICHTER, Organische Elektro- 
chemie (Organic Electrochemistry) Dresden and Leipzig, 1942. 

268 For a detailed discussion on the inadequacy of the peroxide theory see: K, CLu- 
situs and W. ScuHanzeEr, Z. physik. Chem. (A), 192 (1943) 286. 

269 P. HOLEMANN and K. Cxusius, Z. physik. Chem. (B), 35 (1937) 261; Ber., 70 
(1937) 819; W. ScHANZzER and K. Crusius, Z. phystk. Chem. (A), I90 (1942) 241; 
A. Kruis and W. ScHanzer, Z. physik. Chem. (A), 191 (1942) 30I. 

270 K. CLusius and W. ScHANZER, Z. physik. Chem. (A), 192 (1943) 273. 
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secondary reactions. The amounts of these,—methanol, methyl acetate, 
formaldehyde, carbon monoxide, ethylene, oxygen, and methane,—vary 
from experiment to experiment. The formation of methane on the anode is 
especially remarkable, for one thing because it is not an oxidation product, 
and furthermore because there is a close correlation between the relative 
amounts of methane and ethane formed and the current-density used: 
methane is formed only at low current densities, and may even exceed 
ethane-formation at very low current densities. 

Both methane and ethane contain only hydrogen or deuterium atoms 
derived from the acetate part of the acetic acid molecule : Thus CH,COONa in 
D,O gives pure C,H, or CH,; CD,COONa in H,O gives pure C,D, and CD,. 
In the formation of methane then, the fourth hydrogen must be derived 
or “captured” from the methyl of a second molecule of acetic acid. It is also 
possible that some other molecule containing hydrogen bound to carbon, 
rather than the acetic acid, is the source of this hydrogen, even though this 
other molecule does not participate directly in the electrolysis itself; thus 
CD,COONa in H,O in the presence of C,H;OH yields CDH. Since in general 
hydrogen is held very firmly attached to carbon 2"1, some substance of very 
reactive structure must have torn the hydrogen away from the alcohol 
or the acetic acid. Only the methyl radical can seriously be considered in 
this connection. Such an assumption also explains the decrease in ethane, 
and increase in methane, yields as the current density is decreased, for then 
the instantaneous concentration of the methyl radicals decreases, and con- 
sequently the energetically otherwise less favorable dehydrogenation of a 
second molecule of acetic acid or of alcohol can gain the ascendancy over 
the dimerization of two methyls to form an ethane molecule. Furthermore, 
the processes formulated under the assumption of the formation of methyl 
radicals are in agreement with energy considerations 272. 


(vit) LIMITS OF STRUCTURE-CHEMISTRY 


The limits of achievement, or the possibilities, of structural chemistry 
are, as has been shown in the separate chapters of Book II, limited in various 
directions. One such a limitation is found in setting up constitutional for- 
mulas, another in describing the course of chemical reactions, and a third 
in establishing the constitution of a substance by chemical methods. 


*71 CH, in the presence of an SiO, + Al,O, (or M,O,) catalyst undergoes exchange 
of i for D only at temperatures above 345°, with nickel of course already at 138°. 
See: G. PARRAVANO, E. HAMMETT, and H. Taytor, J. Am. Chem. Soc., 70 (1948) 
2269. 

*7? For details the reader must be referred to the papers by K. CLusius and W. 
SCHANZER, Z. physik. Chem. (A), 192 (1943) 288. 
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As long as we deal only with a description of the actual structure, 7.e. 
with a description of the atomic framework of a molecule, structural 
formulas suffice. As soon, however, as we wish to go beyond this original 
field of structure-theory teachings, we find difficulties in describing the 
bonding states of the atoms. These can be surmounted by auxiliary assump- 
tions as to atomic linking, 7.e. by the introduction of double and triple bonds. 
The difficulties that arise in the formation and development of concepts 
involved in the hypothetical assumptions as to the state of bonding are 
felt more strongly by the beginner than by him who by frequent use has 
accustomed himself to the symbols for the multiple bonds, and has seen 
their usefulness, but who in using them no longer takes thought of the 
need for the conceptual clarity there involved. For this reason, too, the 
reality of the difficult problems involved showed itself more in the early 
years of structural chemistry, when one still asked whether one should talk 
about a missing bond or a double bond, than it did later on. It is just in the 
case of the unsaturated compounds that a deeper study into their chemical 
behavior shows that the determination of the constitution of a compound, 
7.e. of the types of bonding as well as of the structural arrangement of the 
atoms, is a far more complicated problem than that which Structural 
Chemistry originally had. In the case of several classes of compounds, 
notably of benzene and the conjugated systems, it was found that the 
setting up of a single constitutional formula was impossible by use only of 
the simple primitive improvised symbols for the single and the double bonds. 
Recognition of the fact that the nature of the chemical bond consisted in a 
working together of paired valence electrons did not change this by much 
either. The bonding hyphen or dash did indeed acquire a more real or 
material significance as a symbol for the two bonding valence-electrons. 
As a result the concept of the constitution of a compound became the sum 
total of atomic arrangement and of the distribution of the valence-electrons in 
the molecule. The constitutional formula had thus acquired a more real 
significance, and had become more transformable and pliable. The valence 
electrons in a constitutional formula could be distributed in other ways 
than the valence bonds that had previously always bound the electrons in 
pairs; it was thus possible in individual cases, as for example in the case of 
the nitro group, as well as of the sulfonic acid and sulfone groups, to describe 
the consitution more accurately than had previously been possible. But in 
the very nature of thingsit was quite a difficult thing to produce any experi- 
mental evidence for any definite distribution of the electrons in a molecule. 
The problem of the conjugated systems and of the aromatic bonding states 
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could even now not be solved by the help of the electron theory of valence. 
Even the new structural theory, as broadened and expanded by this electron 
theory, could not go very far beyond the limits set to classical structure 
theory. Today we know that, as soon as we deal with other than very simple 
bonds, it is very difficult to make statements as to the distribution of the 
bonding electrons in a molecule, and that frequently even the LEwIs- 
LANGMUIR notation for the electron theory of valence does not suffice to 
give a satisfactory representation of reality. Thus, for example, the problem 
of the constitution of the nitro group already broached on p. 39 has in 
no wise been “solved” by writing this group in the Lewis-Langmuir system 
of notation. It is only on the certain ground of modern theoretical physics 
that we can advance further. At the same time we find that the more 
broadly conceived concept of constitution raises questions that were entirely 
unknown to classical structure theory, and that even for such very simply 
constructed substances as urea, the question as to their constitution is by 
no means so easily answered. (Cf. Vol. II, Book IV, Chapter XVII). 


(b) Courses of Reactions 


While it is true that in its older more schematic form the electron theory 
of valence in general yielded only a little more in its description of the 
constitution of compounds than did the older classical structure-theory, 
it did nevertheless represent a forward advance in the description of the 
courses of reactions. It was now possible to operate not only with atomic 
symbols, and to write these hither and yon, but also to take into account 
the participation of the bonding electrons as well. With this there arose 
of course also new problems for experimental investigation, but in these 
the question could be put in a considerably more precise form than had 
hitherto been possible. While formerly in a reaction an atom simply separated 
itself from, or united itself with, another atom, it now seemed of importance 
to know whether it acted as a real atom, including the valence-electrons 
belonging to it, but participating in the bond to be broken or to be made, 
or whether it left its valence-electron in place along with the second electron 
involved in this bond, 7.e. whether it separated off as a cation, or whether, 
finally, in the act of separation it took along both of the bonding electrons, 
or, in an act of union, brought along both of the necessary bonding electrons, 
v.e. if it acted as an anion. For this reason, for example, we no longer speak 
simply of a dissociating or wandering “hydrogen atom’’; this expression 
is used only when we know exactly that the hydrogen actually does 
dissociate with its own one valence electron. Otherwise one must speak of 
the dissociation of a proton or hydrogen cation, or in rare cases, of the 
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dissociation of hydrogen as an anion (Cf. pp. 461 and 756). If the manner 
in which the hydrogen participates in the reaction is not known, it is best 
to refer simply to the dissociation or migration of hydrogen rather than of 
hydrogen atoms, ions, etc. 

Further, the consideration of the participation of the bonding electrons 
enables us, if desirable, to replace the classical, unitarian, concept of the 
cause of reactions by some other concept that will take into account the 
polar relationships; the necessity for this is even quite frequent (Cf. e.g. 
pp. "427, 724, 761, etc.): 

The description of the courses of reactions is considerably deepened by 
the sufficiently critical introduction of participating bonding electrons, as 
is quite evident especially from the examples given in Chapters VII and X, 
But one must not demand everything even from this theory. Thus the 
descriptions of the intramolecular transformations, despite certain improve- 
ments relative to the classical conception, remain imperfect. Further than 
that, we must remember that a reacting molecule that has been made 
reactive by collision with another molecule, or by means of a light quantum, 
is in a state different from its state of rest as represented by its formula. 
This difference may be rather negligible, or it may be quite considerable, and 
may apply to the distribution of valence-electrons as well as to the entire 
shape of the molecule. In the latter case it can be represented without more 
ado by the structural formula, as for example a normally nearly stretched 
chain that is bent ready for ring closure; in the former case no certain 
statement can be made as to the difference in the electron-distributions 
in the disturbed or excited states (Cf. p. 691) without making use of special 
hypothetical concepts. A number of such concepts developed by organic 
chemists have received a supporting background through the work of 
modern physics; others have, however, been proved to be incorrect (Cf. 
Vol. II, Book IV, Chapter XVII). 


(c) Determination of the Constitution by Chemical Methods 


It is self- evident that the determination of the constitution of a substance 
by chemical methods strikes against limitations when on the basis of classical 
structure-theory alone no constitutional formula can be set up with single, 
double, or triple bonds. But there are also other cases in which difficulties 
may arise. As already shown in Chapters V and VI, these arise when a 
change in the grouping of the atoms or of the bonding state within the 
molecule itself takes place rapidly relative to the rate of the gross chemical 
transformation. Sometimes, however, progress can be made by choosing 
other reactions for investigation,—reactions that are more rapid than the 
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intramolecular changes. When however, in spite of these attempts, all 
chemical methods fail, the physical properties of a substance may still 
serve as a tool in the hand of the experimenter, by means of which he may 
recognize and determine the constitution of a molecule without having to 
disturb its fundamental structure by means of a chemical reaction. Further- 
more, such physical properties can often be measured very rapidly, and 
their changes with time can be followed. Such properties are, for example, 
the refraction of light, optical rotation, etc., and their use promises success 
even in the case of rapidly changing bonding states. In order to evaluate 
the properties measured for the purpose named, empirically determined 
rules, such as those on boiling points as discussed for allyl rearrangements 
in Chapter VI, are used as a foundation. It is still more valuable if one is 
in possession of some theoretical insight into the relations between the 
various properties and the structure of the molecule. 

When attempts are made to acquire a theoretical mastery of these relation- 
ships, we likewise come closer to the theoretical comprehension of the bond- 
ing states of the atoms. By no means least of all adapted to this purpose 
are the properties of such substances for which it has been impossible to 
determine the constitution by chemical methods. In this case the deviations 
of the measured values of properties from the values to be expected on the 
basis of their classical, 7.e., inadequately recognized, structural formulas, may 
give valuable indications as to the pecularities of the bonding state that 
can not be represented by classical methods. 

Now, when the limits set to structural chemistry are clearly seen, we are 
no longer so disheartened by these limitations as when, blinded by the 
enormous and undreamed of and unexpected success of structural theory and 
its logical extension in stereochemistry, we tried mistakenly to solve also 
such problems as that of the constitution of benzene, by the use of a chem- 
ical tool which was, however, not created or designed for such problems. 

Such daring attempts to penetrate deeper, although they could not but 
fail to achieve the end sought, did yield very valuable information on the 
reactivities of organic compounds. That they could not, however, lead any 
further, was something that certain investigators could not and/or would not 
believe to be true. Consequently there arose numerous theories which, basing 
themselves on structural theory, sought to give ‘‘explanations’’ for the facts 
observed. It was believed that by their use one could grasp and interpret the 
phenomena observed, but in reality one only circumscribed them with inade- 
quate pictures. In this way one unconsciously threw a veil over the true limits 
and limitations of structural chemistry; frequently it was forgotten what 
little could be expressed by means of a constitutional formula containing 
only single and multiple bonds, as well as the limitation on, and the reliabil- 
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ity of, the constitution as determined by chemical methods. The capacity 
for accomplishment of constitutional formulas, as well as the capacity of 
the methods used leading to them, were therefore long overestimated. This 
over-evaluation was especially obstructive as regarded progress in inorganic 
chemistry, in which the structural formulas that had been schematically 
set up were almost without exception insufficiently founded on facts: even 
today they have frequently not yet been reduced back to their correct 
measure. In this field of inorganic chemistry are compounds the bonding 
states of which either cannot be reproduced adequately by means of the 
classical notation, or the structures of which are so easily changed by the 
action of various reagents that a determination of chemical constitution 
or structure by chemical methods is simply impossible. 

In the classical times of organic chemistry, when the syntheses and the 
investigations of the constitutions of natural products, the planning for 
both of which first became possible only on the solid basis of the theory 
of structure, were celebrating their greatest triumphs, critically formulated 
papers undertaken for the purpose of clarifying foundation-laying theoretical 
questions, among them the most brilliant experimental investigations, ended 
up in a modest renunciation of the attempt. The investigations of KEKULE 273 
and of voN BAEYER 2"4 on the constitution of benzene, of BAMBERGER 275 
on that of naphthalene and the five-membered rings of aromatic nature, 
the work of THIELE *”* on the unsaturated compounds, who seemed to be 
so disheartened by this renunciation that he never spoke about it; of Emit 
FISCHER 2" in his work on the WALDEN inversion, of WISLICENUS 2% in his 
summary of his life’s work on tautomerism; all these are excellent and 
talked-of examples. 

This feeling of dissatisfaction and frustration left behind by a critical 
examination of the older theories of organic chemistry is somewhat softened 
in its pressing burden by the experience, which must always be made again 
and again, that in any given moment there are certain limits to our insight. 
The delver into the phenomena of Nature must be clearly aware of these 
limits; if so he may also be able to evaluate properly such investigations as 
lead beyond these limitations. He must, like the above-named investigators, 
often enough frustrated in his work, modestly stop with the recognition of 
the fact that the present state of total scientific insight is not sufficient to 


273 See This Volume, p. 650. 

274 See This Volume, p. 666. 

275 See This Volume, p. 666. 

276 See p. 696. F. Straus, In memory of Jou. THIELE, Ber. (A), 60 (1927) 110. 

277 Compare p. 697, footnote 117. Furthermore K. Horscu, Emix FISCHER- 
Sonderheft der Ber., 54 (1921). 

278 See p. 391. 
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permit him to go beyond the limits heretofore drawn. How little appropriate 
it is however, always to emphasize only these limitations, is shown by the 
fruitlessness of the criticism of KoLBE 27 which, while by itself not unjusti- 
fied in many points, nevertheless did not in any wise further the progress 
of science. 

For the organic chemist it was of course very difficult to watch for several 
decades while the theoretical insight into his subject matter did not advance 
appreciably beyond a certain limit, and that just following an unparalleled 
and rapid development of organic chemistry. Today of course we can see 
beyond these old limits, but recognize at the same time that out ahead 
lies a path, to trod upon which we require the equipment not only of organic 
chemistry, but also of the tools of theoretical physics as well, and these are 
to be won only by much and arduous labor. 


379 See p. 247. 


P. 450, 


P- 459, 


p. 460, 


p- 462, 


APPENDIX: ADDENDA 


footnote 135b. W. Qvist, Ann., 417 (1918) 318; S. Namerkin, J. prakt. Chem. 
(2), 106 (1923) 34; K. ALDER and G. STEIN, Ann., 515 (1935) 171, 180. 

footnote 135c. e-Fenchene, b.pt. 151-152°, is obtained, alongside of some other 
fenchenes, by passing fenchol over AlPO, or Florida (= Fuller’s) earth at 
190° 136. 

G. Komppa and G. A. Nyman, Amn., 517 (1935) 111, used not fenchol, but 
rather methylsantenol, which they subjected to a Wagner rearrangement as 
“methyl santene’’. 


footnote 143b. Earlier it appeared that cyclofenchene must be assumed as an 
intermediate product. The significance of the configuration in the case of the 
Bertram-Walbaum acetic acid-sulfuric acid method, the one used most fre- 
quently to effect the fenchol-isofenchol transformation, has now been definitely 
recognized. Here the reaction proceeds via esters of f-fenchol, which, when 
a-fenchol serves as the starting material, are formed by way of a-fenchene. The 
cyclofenchene in this case, neglecting a perhaps possible minor by-path, does 
not and cannot appear as an intermediate product, for on treatment with the 
Bertram-Walbaum solution it is transformed to iso-fenchyl acetate more slowly 
than is a-fenchene, although by itself it reacts very rapidly. It then undergoes 
isomerization at first largely to a-, probably also to a small extent to f-, 
fenchene. 


footnote 142b. For the catalytic dehydration, accompanied also by some 
decomposition of the xanthogenates, see N. J. TOIVONEN, Suomen Kemistilehti, 
Ag (1936) 72; B24 (1951) 65. 

footnote 163a (to line 15). The reaction-transformation of f-fenchylamine 
yields only a-fenchene and somewhat more cyclofenchene than does the 
reaction of a-fenchylamine, practically no fenchol, but does give some a-fen- 
chene hydrate. Here too the f-, y- and 6-fenchenes, as well as the alcohols of 
the iso-fenchol series, are absent. Apofenchylamine (camphenylamine) yields 
apofenchol and not apo-iso-fenchol as alcoholic reaction product; a 2,6-migra- 
tion of a substituent has hence taken place (S. BECKMANN and R. BAMBERGER, 
Ann., 574 (1931) 65). 

addition to footnote 168. The Faworski rearrangement of an a-haloketone to 
a carboxylic acid, such as 1-chlorocyclohexanone-2 to cyclopentanecarboxylic 
acid under the influence of alkali, 


He. eu) H 20 
eee HCO 
id cao» | | Son 
Bren He CH, + KCl 
Hie (CH ee ree | 
in & H 


Hy 


is probably related to this. A. E. Faworsk1, J. Russ. Phys. Chem. Soc., 26 
(1894) 559; 46 (1914) 1097; 50 (1920) 482; also B. TcHouBAR, Compt. vend., 
228 (1949) 580; R. B. Lorrrretp, J. Am. Chem. Soc., 72 (1950) 632, etc. etc. 
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Azoxy compounds”, “‘The, 85 (63) 

—— ., optically active, 84 

— — , stereoisomerism of, 84 


Bacillus chlororaphis, 213 
Barbituric acid, 324 
Beckmann Rearrangement, 434, 473, 474, 
475, 476, 477, 478, 479, 480, 484, 
743 etc. 
— — of aliphatic ketoximes, 482 (228) 
— — — hydrazones, 480, 481, 482 
— — — oximes, 473 
——., retention of configuration in, 549 
— — of the second kind, 482 
Beer’s Law, 176, 177, 178, 196 
Behavior of tricyclene, 438, 439 
Benzene, 20 
— from acetylene, 645 
— , addition reactions of, 651 etc. 
— , degradation of, 648 etc. 
— , formula for, 21, 22, 23, 642, 666, 667, 
~ 668, 669, 697 
— — of Armstrong and Baeyer, 655, 666 
— -structure, 21, 24, 642, 645, 666, 701 
— , syntheses of, 646, 647 
— -triozonide, 648 
Benzenoid component in molecular com- 
pounds, 157 
Benzidine rearrangement, 483, 491 (250), 
492 
Benzilic acid rearrangement, 447, 461, 
464 etc., 465, 467 
— — — of the diosphenols, 462 
— —'— + ketipie acid ).264 
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Benzilic acid rearrangement of phenan- 
thraquinone, 461, 462 
rhodizonic acid, 462 
Benzo-cyclo-octatetraene, 671 (63) 
Benzofurazane, 684 
Benzophenone-sodium, 204 (110) 
Benzopyrrylium compounds, 136 etc. 
Benzoyl chloride, sodium, and ether, 811 
Benzoylation of aldoximes, 572 (243) 
— — — , and the formation of nitriles, 572 
— and nitrile-formation of aldoximes, 572 
Benzoyl radical, 5 
Benzyl-potassium, 187 
— radical, 189 
— xanthogenate, 780 (162) 
Bertram-Walbaum reaction, 423, 455, 
456 
Bicyclic compounds, 98 etc. 
— dicarboxylic acids, anhydride forma- 
tion of, 109 
Bi-cyclo-nonane, 98 
— — — derivatives, 98 
Bi-cyclo-octane, [1, 2, 3] -, 98 
— — — derivatives, 98 
= =—-——synthesis of, 98 
——— — type of isomerism, 102 
-— — -octanone, [1, 2, 3}, 98 
Bimolecular collision reaction, 422 
Binary compounds, 14 
— grouping, 7 
Bindschedler’s Green, 215 
Biochemical degradation of benzene, 649 
— oxidation of benzene, 649 
Biradicaloids, 224 
Bitter almond oil, 5 
Biuret-copper anion, 152 
— reaction, 152 
Boiling points of chelates, 153 
— — — isomeric halides, 394, 395 
Bond, addition to the double, 576 etc. 
— , see also Double bond 
Bondability, 42 
Bonding, capacity, 42 
— , chemical, see Valence 
—, heteropolar, 29, 30, 142, 349 
— , homopolar, 30, 349 
— , ionic, lonogenic, 29, 30, 349 
— ,semi-polar, 25, 41, 42, 203, 342 
— state in aromatic compounds, 665 etc. 
—-—of conjugated systems, 596, 618, 
etc., 622 etc., 821 
— switch, or exchange, 273 
— type, 25, 26, 28 etc., 242 
— , unitary, 30, 349 
Boric acid compounds, 108, 282 (78) 
—— complexes, 86, 108 (134, 135), 282 
. is) ae 
— — — of the diols, 108 
=——=—— esters, 727 < ; 
Bornyl-amine, iso-bornyl amine, and ni- 
trous acid, 461 
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Bornylene, 431 

Borofluoride-etherates, 133, 134 

Boron compounds, optically active, 85 

— trialkyls, 210 

— triaryl compounds, 209 

Borospiranes, 86 

Borotrifluoride-etherates, 133, 134 

Branched chains, 17 

Bredt’s Rule, 121, 122 

Bridge-head double bond in a bicyclene, 
123 

——., substitution on, 549, 566 

— , rings, 98 etc., TLS) etc. 

ee Milan ee) 

SS PUPA LL, 

Bromination, 763 

— of acetone, 302, 303, 711 

— — aromatic compounds, 760 etc. 

— ,a-, — carbonyl and carboxylic com- 
pounds, 303 

— — cyclopentadiene, 602 

— — B-naphthols, 765 

— — optically active ketones, 303 

— — phenanthrene, 763 

— — pyridine, 676 

— , see also Addition, Halogenation 

Bromine - addition to butadiene, 6o1 

— — to iso-nitro compounds, 331 

—— reaction with substituted diphenyl 
ethylenes, 761, 762, 763 

— substitution by means of HOBr,762,763 

Building-type of molecules, 18 

Butane, 17 

Butadiene and alkali metal, 596 

n-Butane, 19 

Butene complex with silver ion, Ag’, 143 

sec.- Butyl alcohol, 18 

— — amine, 18 

— — bromide, 18 


Cacodyl, 6, 174, 175 

C-Acylation and C-alkylation of iso-buty- 
royl-zso-butyric ester, 386 

Cages for clathrate compounds, 166, 167 

Calculation of the number of isomers, 61 

Camphanone, peri-cyclo-, 446 

Camphene hydrochloride, rate of decom- 
position, 422 

Camphocarboxylic acid, 304 

Camphor, 102 

— and bromine, 702 

— -dichloride, 428 

Cane sugar inversion, 708, 709 

Capture method, 443, 444, 709, 716 

— — in the Wurtz synthesis, 785 

— of radicals by means of quinone, 183 

Carbamic acid esters, 469, 470 

Carbeniates, 367, 368, 734 

Carbeniate structural formula, 367 

Carbocamphenilonone from hydroxy- 
camphenilane-carboxylic acid, 463 
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Carbofenchonone from «-fenchocarboxy- 
lic acid, 463 

Carbon atom model, 56 

— -containing radicals, 9 

— dioxide, 14 

—  — elimination from «, y-diketo-esters, 

387 (326) 
— monoxide, 14, I7I } 
——’’, ‘New Developments in the Field 
of The Chemistry of Acetylene and 
of, 583, 6 

— radicals, short lived, 188 etc., 782 etc. 

Carbohydrates”’ , “Textbook of, 280 

Carbonic acid, structure of, 10 

Carbonyl, addition to, 255, 270, 583 

— — reactions, 270, 271, 583 

— compounds, molecular compounds of, 
I 

— formulas of the sugars, 280 

— , racemization of, 90, 499, 500, 509, 511 

—reactions in aromatic ortho-hydroxy- 

carbonyl compounds, 153 

— structures of the sugars, 280 

Carboxonium salts, 135 

Carboxylic acid chain-lenghtening syn- 

thesis by means of CH,.N,, 473 
—— — synthesis, by means of diazo-me- 
ethane, 473 
— acids, molecular compounds with urea, 
163 
Carriers, 760, 763 
Catalysis by complex ion formation, 419, 
727, 793, 764, 802 

— — hydrogen ion, H-, 282 etc., 291, 295 
(113), 306, 336, 337, 500, 501, 506, 
510 (39), 584, 743 

—— OH’-ion, 295 (114), 306, 500, 506, 
584, 743 etc. 

Catalysts for the rearrangement of stereo- 
isomeric ethylene derivatives, 510, 
523 etc. 

Catalytic effect of aluminium chloride and 
bromide, 261, 419 (66), 420, 421, 461, 
755 etc. 

— elimination of water, 413 

— effect of halogen ion in the case of 
racemization, 503, 517, 518, 562 etc. 

— hydrogenation, 568, 569, 581, 582, 580, 
593, 595, 603, 604, 613, 616, 631, 651, 
660, 661, 662, 663, 670, 701 

— — of butadiene, 603 

—-— -— naphthalene and of its deriva- 

tives, 660 

— oxidation of benzene, 649 

— racemization, 502 

Cationic exchange of halogen, 723 

Central atom, 45 

Centric formula for benzene, 654, 655, 666 

— formulas, criticism of, 677 

— symbols, 666 

Chain-polymerization, 120 
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— reactions, 771, 794, 795 

—— with maleic ester and benzoyl per- 
oxide, 795 (215) 

Chains of atoms, 17 

— , branched, 17 

—, normal, 17 ar 

Charge-location in meriquinones, 211 

Chavicic acid, iso-, 586 

Chelate or scissor compounds, 144 etc. 

Chelates, 145 etc., 310, 311, 312, 367 (284), 

6 

— of hamephthate acid, 145 

— — polyhydroxy compounds, 145, 146 

Chemical bond, 13 

Chemical bonding, see Valence 

— formulas, 5, 6 

— resistance, 706 

— structure, 241 

— symbolism, 5 

Chemism and constitution, 711 

— of hydrogenation, 631 

— — nitration, 755 

“Chemistry of §-dicarbonyl Compounds,”’ 
316, 379 

‘“____ Free Radicals’, 174 (12), 228 
(181) 

‘“__ __ the Metallo-Organic Compounds” 
193 (76) 

Chichibabin’s hydrocarbon, 221 

Chloral, 24 

Chlorides of dibasic acids, 257, 260 

— form /aevo-menthol, 406 

Chlorination of butadiene, 602, 603 

Chloro-bromo-methane-sulfonic acid, 515 

— hydrins, 580 

Chlororaphin, 213 

Choleic acids, 161, 162 

Chromanones, 294, 295, 296 ' 

— from chalcones, 296 , 

Chrome-lakes, optical activities of, 149 

Chugaev’s xanthogenate method, 431, 

448, 573, 779 

Cinnamic aldehyde-bisulfite, 611 

—-— -cyanohydrin, 611 

—acid+ bisulfite, 611 

— — synthesis, 298 

Cis-addition in diene-synthesis, 568 (222) 

Civetone, 120 (182, 183) 

Claisen Condensation, 377, 378, 383 

Claisens’ Rule, 335, 343 

— — , exceptions to, 343 , 

Clathrate compounds, 158, 162, 166 etc. 

— enclosure compounds, 166 etc. 

Clathrates, 165, etc., 166 etc. 

Claus’ benzene formula, 643, 644 

Cohesion of atoms, 9 ‘ 

Collision-time, 707 

Color lakes, color vats, 148 

— —, optical activities of, 149 

Colorimetric methods in the determina- 

mation of radicals, 176, 177 
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Combustion, heat of, see Heat of combus- 
tion, also individual substances 
Comparison of catalytic and of sodium- 
amalgam hydrogenation, 630 
— — the thiazole and pyridine rings, 678 
Complex compounds, 15 
— — of boric acid and its salts with poly- 
hydroxy compounds, 108 
— — — the olefins, 141, 142 
— diazonium salts, 803, 804, 805 
— formation and the course of a reaction, 
419, 727, 763, 764, 802 
—-—in diazo-reactions, 802, 803, 804, 
805 
— — — the Sandmeyer reaction, 803, 804, 
805 (249) 
— isomerism, 158, 159, 160 
— lithium alkyls, 192 (73) 
— salts, internal, 145, 146, 147 
Complexes formed with triphenyl-boron, 
210 
Compounds of carbon, 3 
— — higher order, 45 
Concurrent competing reactions, 437, 
12 
Condensability of cyclopentadiene, 378, 
639, 680 
Condensation, aldol, 270, 364, 376 
— -capacity of pyrrole, 679, 680 
— , intramolecular aldol, 284 
—of malonic ester with benzaldehyde, 
382 
— reactions of carbonyl compounds, 378 
— — — positivized ethylenes, 771 
— -reactivity of indole, 679, 680 
— — — pyrrole, 679 
Condensations of oxalic ester, 387 
=== sulfones, 381 
Condensed rings, 22 
— three ring compounds, 124 
Conductivity of halides, 234, 398 
—of metallo-organic compounds, 192, 
234 (196), 729 
— — tert.-alky] halides, 419 
Configuration(s), 62, 63, 495 
— of aldoximes, 572 
—— — borneol and fenchol, 414 (55), 447 
—— — — and iso-borneol, 414 
——borny]l and of iso-bornyl chlorides, 
14 : 
— Base during acyl-migration, 259 (30) 
— of cyclohexane, 104, 105, 106 
oe ring, 105, 106 
— — cyclo-octadienes, 120 
pentane, 95, 96, 97 
— determination of, 75, 76, 77, 538-etc., 


541, 571, 572 ‘ : 
—-—by means of physical properties, 


541, 55° 


X-ray interference pat- 





terns, 539 
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— of diazoesters, 572 
— — dimethyl-succinic acid, 541 
— — the 1, 2-diphenyl-glycols, 532 
— — — direction of optical rotation, 535, 
536, 537 
— — glucose, 63 (15) 
— — a-and of $-glucose, 282 (28) 
— , meso-trans, 105, 106 (130) 
— of octafluoro-cyclobutane, 104 
— —oximes, 572 (243) 
—, stability of, 85, 86, 87, 88, 89, 497 
etc. 
—-— the symmetrical diphenyl-dichlo- 
roethanes, 532 
— — stilbene and 7so-stilbene, 522 (86) 
Configurational instability of metal-orga- 
nic compounds, 508 
— relationships, 538 etc. 
— — between hydroxy- and amino-acids, 


539 
Configurative changes in substitution 
reactions, 505 
— instability of metal-organic com- 
pounds, 505 
Conjugated double bonds, 586 etc., 617 
GtcG:,, 622 Etc: 
— systems, addition of alkali metal to, 
631 etc., 634, 637 
— — reactivity, 641 
— — significance in process of enoliza- 
tion, 306, 316, 345, 361 
Conjugation and enolization, 345 
Constant proportions, law of, 4 
— valence value, 15 
Constitution, 20, 817, 818, 819 
— of benzene, 655, 659, 820, 821 
— — dihydro-anthracene, 661 
— — the hydrogenated anthracenes and 
phenanthrenes, proofs of, 661, 662, 
663, 664 
— — naphthalene, 820, 821 
— and structure, 20 (20) 
— of Trégers’ Base, 86 
Conversion of an enantiomorphic optically 
active compound into its mirror image, 
2 
— - tartaric acid into malic acid, 538 
Coordination doctrine, 45 
Copper biuret, 152 (47) 
— glycocoll as an internally complex salt, 
146, 147. 
— porphygine, 150 
Coprosterol from delta-cholestanol, 513 
Coumarans, 294, 295 
Coupling, intramolecular, 572, 573 
Course of addition to the double bond, 
steric, 506 etc. 
__ — Beckmann Rearrangement, 480 
— chemical reactions, 55, 557, 792, 
793, 733 : 
__ — the Hofmann reaction, 472, 549 
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Course of oxidation with alkaline H,O,, 
594 


—— — reactions, 19, 703 
__ — substitution, 528, 529, 
550, 560 
__ __ >" on the aromatic nucleus, 763, 767 
__ __ — reactions, 556, 557, 560, 561, 562, 
585, 795 
— — Wurtz Synthesis, 785 
Covalence, 37 (38) 
Critical determination of structure, 254 
Criticism of centric formulas, 677, 690 
(111 
—-— ee formulas, 40 
__ the concepts of structural chemis- 
try, 247, 248, 249 
Crossed double bonds, 508, 595, 616 
Crypto-ionic dissociation by means of sol- 
vents, 720, 721 
— — fission by means of solvents, 720 (15) 
— — reactions, 555, 797, 719, 726, 772 
Crystal structure of adamantane, 98, 99 
Cumulated double bonds, 81, 587, 591, 592 
Cumulenes, 586, 587, 591, 592 
Curtius Degradation, 467, 468 (189), 469, 
479, 471, 477, 549 
Cyanic acid esters, 328 
Cyanoacetic ester condensations, 377 
Cyano-butenes from chlorobutenes, 398 
— group, addition, 744 (72) 
— — , electromeric effect, 345 
— —., prototropism of, 338, 339 
— — , tautomerism of, 331, 359, 360, 377, 
595 
Cyanuric acid esters, 327, 328 
Cyclic carboxylic acid, amides, 32% 
— compounds, 21 etc., 68, 72 etc. 
— — , aromatic, 622 etc. 
— —., isomerisms of, 71 etc. 
— —, strain of, 91 etc. 
— ethers, 404 
—  — with a six-membered ring, 404 (24) 
— hydrocarbons, 17 
Cyclobutane derivatives, 96, 97, 590, 616 
Cyclodecane, 95 
Cyclofenchene, 431, 437, 448 
Cyclo-form of the hydroxy-aldehydes, 276 
etc. 
— — — sugars, 280 etc., 
Cyclo-heptane-tvans-diol, 108 (136) 
— heptene, 119 (178) 
Cyclohexadiene 1,3-, additior® of ketene 
to, 606 
Cyclohexane, 2: 
— dicarboxylic acids, 23 
—, model of, 105 
— ring, 105 (124) 
Cyclohexene, 119 (178) 
— and acetyl chloride reaction, 759 
—, reaction with acid chlorides 
SnCl,, 759 


oh er is), 


and 
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Cyclo-octadiene, 120, 6co 

— octene, 119 

— —, cis- and trans-, 119 
—OCUInEEZO 

— octra-tetraene, 669 (57), 670 (60), 671 
Cycloparaffins, 94 etc. 

Cyclopentane, 17 

-dicarboxylic acid anhydride, 109 
Cyclopentadiene-dibromide, 601 

— and ketene, 606 

— oxalic ester, 378 

Cyclopentyl formaldehyde, 437 
Cyclopropane, 17 





Dash-symbol for the electron-pair, 41 
Decahydro-quinoline, 111, 112 
— , cis- and Wwamns-, TIL 
— -iso-quinoline, 112 
Decomposition of acylated nitroso-ami- 
nes, 799 
— — acylperoxides, 794, 795 
— — azo-triphenyl-methane, 789 
— — diacylperoxides, 795 
— — diazo compounds, 796 
— — — hydroxides, 799 
— — diazonium salts, 802 
— — the formates of radical-forming car- 
binols, effect of ovtho-alkyl groups, 
182 (32) 
— — f-lactones, 613 
— — nitroso-acetanilide, 799, 800 
— — olefins, 598 
—-— quaternary ammonium salts, 731, 
732, 733 
— — tert.alkyl peroxides, 795 
— , thermal, 7 
Deformation hypothesis of trivalent ni- 
trogen (Swietoslawski), 82, 129 (212) 
Degradation of acid amides to amines, 467 
—  -— acids to amines by way of azides, 
467, 468 
— — benzene, 648 etc. 
— — hydroxamic acids, 467, 468 
—  — mannose derivatives, 287, 289 
—  — optically active acid amides, 469, 
472, 549 
Degree of dissociation of radicals, 178 
— — — into radicals, 180 
Dehydration, 573 
— of diols and rearrangement reactions, 
4II, 412 
— — fenchol, 448, 449, 455, 456 
— by means of AICl;, 756 
Dehydrophenols, 199 
eee of molecular asymmetry, 78 
44 
Desmotropic constants, 308, 309 
Desmotropism, 273 
Desmotropo-santonin, 490 
Detection of methyl radical, 189 
Determination of configuration, 80, 571 
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Determination of configuration in the 
Beckmann Rearrangement, 549 
— — — by means of the Beckmann Re- 
arrangement, 483 
Se physical properties, 541 
FS ae ——— ape reaction-velocities, 542 
— — — from active racemates, 539 
——=-—— — a velocity of reaction; 542 
—=— Strucwuire,'13, 19, 252) °253, 254 
Deuterium exchange in electrolysis, 816 
— — — CH,, 816 
— , — with hydrogen, 497, 498, 499, 509, 
510 
Dewar’s benzene formula, 644 
Diacetyl-gallic acid, 256 
— peroxides, decomposition of, 793, 794, 
795 
—  — , thermal decomposition of, 793 
— succinic acid ethyl ester, 317 
Diagonal formula of benzene, 643, 644 
Dialkyl-dihydro-dipyridyl, 216 
— xanthyls, 184, 230 
Diamagnetic increments, 222 
Diamagnetism of the Chichibabin hydro- 
carbon, 225 
Diamond crystal lattice, 126 
Diastereo-isomers, 58 etc. 
— — , determination of configuration of, 
60-04, 540 
Diazoacetic acid ester addition reactions, 
581 
— ester, addition to the double bond, 581 
—  — reaction as a measure of acidity, 
_ 339 (232) 
Diazo camphor, 440 
— compounds, isomerism of, 82 
— =, 795 etc. 
— — and alcohols, 796, 797 
——’’ , “The Aromatic, 804 (246) 
— wand a, f-unsaturated compounds, 
799 (226) 
— cyanides, 82 
— esters, configuration of, 572, 573 
— hydroxides, decomposition of, 799 
— ketones, a-, 472 
— —, rearrangements of, 472, 473 
Diazomethane and acetoacetic ester, 340 
(236, 237) 
— — f-ketoesters, 311 
— reaction, 346 
— — of B-dicarbonyl compounds, 311 
— , reactions with, 273, 294, 295, 310, 
311, 325, 326, 337, 338, 339, 340, 346 
795 etc. 
Diazosulfonates, 83 
Diazonium salts, 460, 796, 802 etc. 
Diazotates, isomerism of, 82 
Dibenzal acetone-perchlorate, 135 
Dibenzo-cyclo-octa-tetraene, 67x 
Dicarbony] compounds, 310, 311, 316, 379 
— —., f-, ferric chloride reactions of, 312 
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—— , B-, reaction with diazo-methane, 
312, 340 

Dichloro-ethylene, cis- and trans-, 520, 
509, 570, 571 

— phthalide, 261 

Dicyano-ammino-benzene-nickel com- 
plex salt, 169 

Diene synthesis, 598, 599, 600 

— — with acrolein, 598 

— — — maleic anhydride, 598 

Dienol(s), 316, 317 

— -phenol rearrangement, 489 

Dienone-phenol rearrangement, 489, 490 

“Di-ethoxy-methylene’’, 173 (9) 

Diffraction of X-rays by tetrabenzocyclo- 
octa-tetraene, 671 

Dihalogen-methane-sulfonic acids, 515 

9,10-Dihydro-anthracene, 665 

Dihydrobenzene, derivatives, 631, 653, 

OP 5: Pao 

Dihydro-dipyridyls, 215, 216 

— naphthalene, 655, 656 

— pyranol derivatives, 293 

| resorcinol derivatives, 332, 333, 611 

Dihydroxy-lactone formula for maleic acid, 
292 

Di-imminium salts, 211 

1,5-Diketones, 296, 297 

Diketones, a-, 316, 461, 462, 595, 606, 607 

— , B-, tautomerism of, 317 

— , see also Dicarbonylcompounds 

Diketopiperazine, 63 

Dimerization of butadiene, 600 

— — chloroprene, 600 

— — dimethylbutadiene, 598 

— during hydrogenation, 630 

— of meriquinones, 217, 218 

Dimeric dimethylketene, 591 

— ketene, 591 

Dimers of radicals, 6 

Dimesityl dihydroxy-ethylene, 301 

Dimethyl-benzene, meta-, 21 

— —— , ovtho-, 21 

— —, para-, 21 

Dimethyl ether-hydrochloride, 133, 134 

Diols, 106, 107, 252, 253 

Diosphenols, 317 

Di-oxo-piperazine, 62 

Dipeptide, 60, 61, 62 

Diphenic acids, optically active, 70-72 

Diphenyl from diazo compounds, 799 

— — phenyldiazonium chloride, 799 

— ethylene + bromine, 761 

1,2-Diphenyl glycols, 532 

Diphenylketene from azibenzil, 466 

Diphenylmethyl as an intermediate step, 
787 

= radicals, roi ra 

Diphenylnitrogen oxide, 202 

Dipole, 30, 35, 626 ; 

— moment of azo compounds, 82 
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Diprimary glycols from cyclic ethers, 404 

Dipyridinium subhalides, 215, 216, 217 

Dipyrryl benzenes, 70 (31) 

Dipyrylene, 213 

Diradical(s), 218 etc., 220-226, 227 

— of Eugen Miiller, 226 

—hypothesis for the 
arrangement, 442, 


pinacolin — re- 
443, 444 (124), 


445, : : 

Direction of optical rotation and configu- 
ration, relation between, 538 

— velocity in the decomposition into ra- 
dicals, 229 

Disaccharides, 283 

Disappearance of free rotation, 70 

Dispersion of X-rays by tetrabenzo-cyclo- 
octatetraene, 671 

Disproportionation of hexa-alkyl plum- 
banes, 194 

— — hydrazobenzene, 808 

— — radicals, 789 

Disproportionationing of tetramethyl-1,2- 
diphenyl-ethane, 183 

—-— radicals, 183, 783 etc. 

Dissociation constant, of enolizable com- 
pounds, 309 

— — — radicals, 229 

— , degree of, see Degree of dissociation 

— — — radicals, 177, 178, 179, 180 

— , — — radical-formation, 180 

— -equilibrium in the case of free radicals, 
228 

— into free radicals, 176 etc. 

— , heat of, for radicals, 22 

— of penta-arylethanes, 181 

— — tetra-arylethanes, 180 

ENCE of C-atoms in molecules, 119 
177) 

Distribution number coefficient, 168 

Disulfoxides of thianthrene, 88 

Divalent carbon, 170 etc., 171, 172, 173 

— nitrogen, 194-198, 229 

— sulfur, 15 

Dixanthyls, 184, 230 

Double bond(s), 20, 34, 77 etc., 117 etc., 
379, 371, 519 etc., 528, 566 etc., 575 
etc.; 701; 773; 816 

, addition to, 576 etc. 

, addition reactions of, 577, 578 

—'—= 7+ of acetoxyl to, 681,505 

+ sie alkcali metal Mto; .694°°635, 
639 

— —, conjugated, 585 etc., 617 etc., 622 
etc: 

—— , crossed, 585 <ete., "617" etcly)’ 621 
etc: 

— —, flowing or shifting, 687 

——-—, labile, 334 

—— —, polar character and reactivity, 640 

——, stability of the spatial arrange- 
ment of substituents, 519 etc. 
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— — , stereochemistry Of 277 ete.) 527 
Dualistic electrochemical system, 5 

— principle, 8 

— rotation, 5, 6, 7 (4), 8, 9, 30 


Eight-membered rings, 119 
Electrical properties of atoms and mole- 
cules, 15 
Electricity, atomistic structure of, 15 
Electrochemical definition of valence, 16 
— dualistic system, 5 
— formulation of the valence concept, 15 
Electrochemical theory, 5 
Electrolysis of acetates, 815, 816 
— — fatty acid salts, 814, 815, 816 
— — triphenylmethyl bromide, 234 (197) 
Electrolytic reduction, 493, 751 
Electromeric effect = enotropism, 335 
(221), 336, 343, 345, 346, 358, 360, 379 
— — and prototropism, 343 
Electromerism, 356 
Electron affinity and chemical reactivity, 
640 
— — of conjugated systems, 637, 640 
— — — radicals, 228 (182), 233 (194) 
— diffraction of adamantane, 98 
— — on the cyclobutane ring, 104, 105 
— — by cyclo-octa-tetraene, 670, 671 
— — of octa-fluorocyclobutane, 104 
— — by spiropentane, 70 
— formulas, 31. 45, 140, I4I, 142, 234, 
337, 367, 368 
— — of aromatic hydrocarbons, 644, 667, 
668, 669 
— — — conjugated systems, 625, 626 
— —  — doubly-unsaturated  five-mem- 
bered rings, 680, 681 
— — — unsaturated compounds, 35, 576 
— formulation of conjugated systems, 626 
— structural formulas of aromatic hydro- 
carbons, 669 ; 
— theory of the benzidine rearrangement, 
492 (253) 
— —— valence, 28} 31) 32; 33,734) 40 
(41), 41, 42, 44, 130, 145 (30), 
243, 244, 625, 667, 668 
Electrons, 1,4-addition of, 637 
Electrons, m-, 576, 584 
a5 05, 570 
Electrophilic reagents, 724 
substitution, 724, 728 etc., 755 (103) 
Electrovalence, 40 
Elimination of HCl by means of phenyl- 
lithium, 775 ‘ 
— — water, 774, 779, 777 
— — — from cyclopentyl-cyclopentanol, 
41I, 412 
— — the elements of water from cycle- 
hexyl-cyclohexanol, 411, 412 | 
— — water from iso-butyl alcohol, 411 
—— — — — stereo isomeric alcohols, 573 
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Elimination reactions, 403, 407, 408, 4iI, 
412, 413, 417 etc., 431, 437, 447, 448 
etc., 458, 461, 761, 772 etc., 773 (152), 
775» 778, 780 

=) aKs-,. 573,775 

Enamine(s), 319, 320 

—, structural formula, 320 

Enantiomorphism, 47 (2) 

— of crystal classes, 68 (19) 

— and molecular asymmetry, 56 

Enclosure compounds, or clathrates, 158, 
162, 166 etc. 

Endo-form of derivatives of camphane, 
414, 568 

Energy of activation, 229, 230 

— — — for the dissociation into radicals, 

229 

— — — of tetra-arylated-ethanes, 230 

— contents of aromatic compounds, 653, 
654, 656, 658, 665 

— — — benzene derivatives, 665 

— —— conjugated systems, 588, 580, 

658, 695 

“Emil Fischer’’, 255 (18) 

Enimide, 332, 360 

Enol-allyl ether, 365 

— carbonic acid salts, 304 

— constant, 308, 309, 342, 343 

— form of malonic ester, 360 

— ethers, 363, 364, 365, 366, 701 

— titration, 306 

Enols,/ 302 ete., 314 etc.,:335 etc., 701 

= } acyl, )3155 363, 371 

— , boiling points, 153 

—as intermediate steps of rearrange- 
ments, 500 etc. 

Enolates, 313, 314, 315, 363, 374 etc. 

— , alkylation of, 363 

Enolization of camphor, 302 

— — cyclohexanone, 302 (128) 

— — ketones, 345 

— by H--ion, 337 

— during racemization, 498, 499, 500, 
501, 5905, 534 

— , solvation, and chelation, 312 

Enotropism, 335 (221) 

Enzymatic fission (hydrolysis) of glucosi- 
des, 286 

Equilibria in f-keto-acid esters, 
310 

Equilibrium of acetoacetic ester, 304 etc. 

— — dissociation of radicals, 228 

— in halogen addition, 577, 639 

— — hydrogen halide addition, 578 

— — keto-enol tautomerism, 304 etc. 

—a = y-methylallyl bromide, 396, 397 

—in radical dissociation, 178, 179 etc., 
228, 229 

— and solubility, 307, 417 

—. of tautomeric substances in solution, 


307, 418 


397; 
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Equivalence, 15 
— concept, 16 
— of six hydrogens in benzene, 21 
— weight, 15 
— — and valence, 14 
Erlenmeyer naphthalene structural for- 
mula, 23, 643, 658, 659 
== Rule, 301, 3023315, .436 
s/h Bel ce a gc 377-Stc,, (383; -386, 
3 
— — of tso-butyric ester, 386 
— enolates, 375, 376, 377, 387, 510 
— formation, 543, 739 etc. 
— — and hydrolysis, 543, 545 
—— — saponification, » 533, 
543, 545 
— hydrolysis, 546, 547 
—— — in esters of tertiary alcohols, 747 
— saponification, 534, 543, 739 etc., 740, 
741, 745, 740 
—Fe— in tong, HO. 747 
Esterification, 252, 543, 739 etc. 
— using HBr, 399 (11) 
— of fa Nae of substituted allyl alcohols, 
74 
—and the migration of halogen substi- 
tuents, 406 
— in pyridine solution, 739 
— and saponification, 545 
—— Stepwise, 252,259,257 
— of substituted allyl alcohols, 399 
See LAL oa 5 I 
Ethane, structure of, 10 
Ether, 11 
— , alkyl-aryl, rearrangement of, 266 
— with a six-membered ring, 404 (24) 
— , Williamson synthesis of, 11 
Ethers, cyclic, from diprimary glycols, 
404 
O-Ethers of isatin, 322 (188) 
Etherin Theory, 6, 245, 246, 479 
Ethyl, 6 
— alcohol, structure of, 10 
— bromide, 18 
— radical, 6, 188, 189, 190, 782, 783 
Ethylene(s) and cyanogen, 578 
— — halogens, 578, 630 
— — iodine, 578 
— 84P, 477 eae 
—, one-sidedly positivized, 768, 769 
— oxide derivatives, hydration of, 548, 
549 : 
— —, heat of combustion, 114 
— — hypothesis for rearrangements, 436, 
441 etc. 
— — — — the pinacolin rearrangement, 
439, 443, 444 
— — rearrangement, 411 (44), 436, 437, 
41 
a leak. structure of, 19 
Eugen Miiller diradical, 226 


534, 535; 
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Eugen Miiller hydrocarbon, 225 0 
Exchange of aliphatic halogen for lithium, 
30 
— fa aromatically bound iodine, 723 
— — Cl for I, 562 ; 
— — halogen in substitution reactions, 
503, 562, 566 
— — 0 in the benzilic acid rearrange- 
ment, 405 
—— — oxidation states, 510, 511 
__— —steps between alcoholate and 
carbonyl, 511, 513 (53) 
— reaction H = D, 508, 510 
— reaction(s), 707 
—  —of deuterium during electrolysis, 
816 
Se ee 1) FOS, LO 
— — — — in racemization, 508, 509 
—— — — the case of 3-methylhex- 
ane with D,SO,, 498 
— velocity by means of radioactive chlo- 
rine ionization, 420 (69) 
Exhaustive methylation, 561, 647, 669, 
670, 775 : 
— -—  , Hofmann reaction, 561, 647, 669, 
670, 775 
— — of the menthyl-amines, 778 (160) 
Excited state, 691, 819 
Exo-form of derivatives of camphane, 
414 
Faraday’s Law, 15, 16 
Fatty acids, molecular compounds of, 
161, 162 
Favorski rearrangement, 462 (169) 
Fehling’s solution, 152 ; 
Fenchene, 431, 448, 449 
— from f-fenchol by the Chugaev reac- 
tion (Tschugaeff), 448, 455, 456 
—, €&, 448, 449, 450 
— » S-, 450, 455, 450 
Fenchenes, 431, 437, 447 etc., 448, 449 
Fenchol, f-, 447 (130) 
Fenchols, a- and f-, 514 
Fenchylamine, apo-, + nitrous acid, 460 
— and nitrous acid, 455, 456, 460 
Fenchyl chloride from pinene, 418 (64) 
chlorides, 448 etc., 454, 455, 456 
‘““Fenchylene,’’ 449, 450 
Fermentation, alcoholic, 443 
Ferric chloride reaction, 307, 312, 
6901 
— — — of f-dicarbonyl compounds, 312 
— = == = ends; 506 
, structure of, 15 
Ferrous chloride, structure of, 16 
Fischer-Hepp Rearrangement, 265 
- synthesis of indoles, 493 
Fission of the C — C-bond by acids, 243, 
244 
—— — — — — by alkali 
242, 243 





331, 





hydroxide, 
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— — — — — by HCl, 243, 244 

— — — — — by potassium, 187 

— — ketones by alkali, 243, 244 

Fittig synthesis, 175, 783 etc., 786 

— — , Wurtz-, 18, 19, 175, 793 ete: 

Five-membered ring of aromatic nature, 
676 etc. 

, configuration, 95, 96 

— — —., doubly unsaturated, 680 

Flavanones, 295, 296 

“Flowing’’ double bonds, 687 

Fluorene-oxalic ester, 378 

— , ylide of, 38 

Fluorenone formation in the diazo reac- 
tion, 798 

Fluorescein reaction, 256 (22) 

Fluorinated ethylenes, addition of HCl to, 
579 (20). , 

Fluorine-containing radicals, 179 

Fluoro-compounds, aromatic, 802 

Fluoro-nitrosophenol, 80 

Formaldehyde, structure of, 10 

Formates of radical-forming carbinols, 
thermal decomposition of, 182 (32) 

Formation of isonitriles, 349 

— — keto-carboxylic acid salts, 370 (293) 

— parabanic acid, 463 (171) 

Formulas, 14, 20, 31, 39, 575 

— of aromatic hydrocarbons, 669 

—  — unsaturated compounds, 575, 576 

Formulation of conjugated systems, 626 

—  —the isonitrile-formation reaction, 

368 (287) 
Formic acid, structure of, 10 





Formyl-phenyl-acetic ester, 308 (146), 
318 (169) 

Four-membered ring, configuration of, 
104 


Free radicals, 20, 166 (73), 174 etc., 179, 
183, 184, 185, 186; 189, 227 

—  —, addition capacity of, 

197, 234 

— —’’, “The Chemistry of, 174 

— — with para-alkyl groups, 180 

— rotation in the dipyrryl benzenes, dis- 
appearance of, 70, 71 

— valences in pairs, 20 

Friedel-Crafts reaction, 755, 764 

—‘— — for olefins from ethylene to oc- 

tene, 757, 758 
— — — of ba sere compounds, 757, 
i, 

— — synthesis, 266, 749, 755 etc., 764 

— substituted furans, 678 (85) 

Fries displacement, 264 (44), 265 

— — with BF,, 264, 266 

— — — P,0;, 265 

— shift-displacement, 265 

— or migration, 264, 265 

Fructosides, 285 

Fulminic acid isomerism, 5 


£80; ToT: 
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Fulvenes, 640 

Fundamental concept of the valence theo- 
ry, 13 

Furan derivatives, 678 


Gallic acid, molecular compounds of, 161 

Galactosides, 285 

Gap-bonds, 20, 578, 817 

Gas-phase equilibrium of f-keto-carboxy- 
lic acid esters, 308 

Gattermann-Koch aldehyde 
750 

Geometrically isomeric ammonium com- 
pounds of piperidine, 85, 86 

Glucosides, 282 etc. 

— from penta-acetyl-glucose, 285 

Glutaconic acid, 274, 334, 522, 621 

+ €18+,'274, 522 

Glycols, di-primary, 404 (24) 

Gold and platinic chlorides as acids, 407 

Graebe anthracene formula, 643, 644, 664 

Grignard compounds, 133, 187, 236, 255, 
413, 490 

— — and CoCl,, 808 

— —, reactions with acid chlorides, 333 

reaction, 136; 236,: 332, 333; 413 (51), 
808 etc. 

Guerbet condensation, 511 


synthesis, 


Half-life of short-lived radicals, 188, 180, 
190 

Half vat of indigo, 218 (163) 

Halide ion, catalytic effect of, in race- 
mization, 503, 511, 518, 562 

Halides, organic, conductivity of, 234, 398 

—, —, hydrolysis of, 707 etc., 736 

—, —, lonization, 398, 419, 420, 556, 707, 
BAO GLC. 

—, —, molecular compounds, 163, 166 

Halochromism, 134, 135 

Halo-ketones, a-, rearrangement of, 462 
(169) 

Halogen-addition to benzene, 651, 760 

— — — conjugated systems, 593, 594, 

601, 602, 612, 617, 618, 628, 630 

(154) 

ouble bond, 524, 569, 577, 578, 

585, 630 (154), 702, 761, 765, 766 

— — — triple bond, 569, 570, 571 

—, migration of, 393 etc., 401 etc. 

—, — during esterification, 406 

—, — with AICl,, 419 

— of sulfo-acetic acid, 515, 516 

— — succinic acid esters, 503, 528 etc., 

539 etc. 

— — — acids, 528, 539 etc. 

Halogenation of olefins, 765 (135) 

Heat of combustion of aliphatic hydro- 

carbons, 92 
— — — — anthracene, 665 ; 
— — and phenanthrene, 653, 665 
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— — — — bicyclic hydrocarbons, gg, 
100, IOI, 102, 103 
= = = breed rings, 151, ‘ra, 103 
= = CAMPO, TOT, Ta2 
— — — — conjugated systems, 589 
— — — — cyclic hydrocarbons, 92, 93 
— —-— = cyclobutane, 94 
— — — — cyclohexane, 94 (89) 
—_— — — — — and of methyl cyclopen- 
tane, 94 (89), 97 (97) 
— —— — cyclo-octa-tetraene, 671 
—— -— cycloparafiins,.94 
—— — — — cyclopentane and cyclo- 
hexane derivatives, 96, 97 
— — — — the decalins; 98, 99 
— — — — formyl-pheny]-acetic ester, 
308 (146) 
—— = — Wie benianes, 
92 
— — — — hexahydrophthalic acid an- 
hydride, 114 
— — — — hydrindanes, 100 
—+—— — hydrindanoneés, roo 
——=—+— — bydrobenzenes; 654:(25) 
— — — — iso-butane, and n-pentane, 92 
— —— —> —— 4sopentane, 92 
— — — — naphthalene and hydro- 
naphthalenes, 657 
ee et ee ODEN TAN ee tebe 
methylmethane, 92 
—— — — — phenanthrene, 665 
— — — — the polyhydroxy methylenes, 
94 (90) 
— — — — polymembered rings, 95 
—- — — — the substituted cyclopropa- 
nes and cyclobutanes, 96, 97 
— — — — unsaturated acids, 588 
compounds, 118, 588, 589 
ketones, 577 
— — dissociation and radical-formation, 
229 
— — — of tetrazanes, 229 
— — formation of molecular compounds, 
157, 163, 164 
— — hydrogenation, 588, 678 
-— — — of benzene and the hydroben- 
zenes, 654 
— — — — conjugated systems, 587, 588, 
678 
— — — — dihydronaphthalene, 657 
— — — — ethylene, 118 
— — — — furan, 678 
— — — — furan and vinethene, 678 
— — — — naphthalene and the hydro- 
naphthalenes, 657 
— -— — — unsaturated hydrocarbons, 
118 
— — reaction for the formation of 
oxonium compounds, 132 id 
H'-ion catalysis in azide-decomposition, 
468 (189) 
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Hemi-acetal(s), 270, 276etc., 545, 583,749, 
741, 742 


— —, see also Semi-acetals 

— form of sugars, 400 etc., 

Heterocyclic compounds, 22, 109 etc., 
123, 413, 676 etc. 

Hexa-aryl-disilanes, 193 (78) 

Hexa-cyclohexyl-diplumbane, 194 

Hexa-ethyl-diplumbane, 194 

Hexagonal benzene ring, 23 

Hexagon structure for benzene, 21 

Hexahydrobenzene, 23 , 

— hydrophthalic acid anhydride, 112 
(£55) Ab Dae 

— hydrophthalimide, 112 

—  — and perhydro-indole, 112 

Hexahydro-cis-terephthalic acid anhydri- 
de) 113 

Hexamethylethane, 186 

Hexamethylene tetramine, structure of, 
II4 

Hexanitroethane, 186 

Hexaphenyldisilane, 193 

Hexylchloride, sec.-neo-, 406 

Higher-order compounds, 45 

Hindrance-asymmetry, 68, 69, 70 

— of free rotation, 71 

Historical development of the theories of 
organic chemistry, 3 

“History of Organic Chemistry’’, 9, 10 

Hofmann Reaction, 470 (195) 

— — of acid amides, 467, 470 

——, amide degradation, 432, 434 etc., 

549 
— —, exhaustive methylation, 561, 654, 
669, 670, 775 

— —, with iodoso benzene, 468 (188) 

— —, steric course of, 538 

“Homogeneous Kinetics’’, 710 (2) 

Homologous series, 17 

Hooklets, 13 

Host-lattice, 168 

Hydrate form of carboxylic acids, 742 

Hydrates of carbonyl compounds, 741, 
742 

Hydration of ethylene oxides, 548, 549 

Hydrazines, 194 etc., 209, 492 

Hydrazones, 444, 445, 446, 447, 482 

—, Beckmann rearrangement of, 482 

Hydrazyls, 195, 196, 197 

Hydrobenzenes, 654 

Hydrocarbons, molecular compounds 
with urea, 163, 164 

‘“Hydrochlorides”’, 246 

— of oximes, 476 

Hydrocyanic acid or prussic acid, 171, 271, 
273 

addition to the carbonyl group, 584 

Hydrogen, addition of, 569, 570, 581, 588, 
593, 594, 595, 596, 603, 604, 605, 606, 
607, 616, 618, 629 etc., 653, 655 etc. 
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— bonding, 153 
— bridge, 153, 779 (161) 
_— chloride addition to fluorinated 
olefins, 579 (10) 
__ — elimination reaction, 415 etc., 598, 
759, 779, 777, 778; 779 
— cyanide, 171 
_. -deficient compounds, structure of, 19 
__.-deuterium exchange reaction in hy- 
drocarbons using D,SO,, 498, 514 
— halide addition to the carbonyl group, 
583, 594, O11 
— — — — conjugated systems, 395 etc., 
593, 594, 602, 612, 618 
— — — —a double bond, 579, 771 
— —, elimination of, 415, 422, 571, 759, 
761, 773 etc: 
— — reaction with unsaturated ketones, 
O1I 
— ion Catalysis, 745 
— — as a Catalyst, 282, 291, 295 (113), 
500, 501, 506, 510 (39), 584, 743 ete. 
— — catalysis in enolization, 336, 337 
—, mobile, reactive, 274, 303, 335, 336 
etc., 374 etc., 639, 679 
— ortho-para-, conversion, effected by 
radicals, 178 
— — —, determination by effect on 
radicals, 178 
— peroxide, photochemical addition, 595 
(48) 
— — as an oxidizing agent, 334, 595, OII, 
612 
Hydrogenated phthalic acids, 597 (60), 
652, 653 
Hydrogenation of a-, f-unsaturated car- 
bonyl compounds, 613, 631 
— — anthracene, 661, 662, 663 
— — conjugated systems, 580, 603, 605, 
616, 630 
— — dihydro-terephthalic acid, 616 
— — diphenyl muconic acid, 603 
— — enol-ethers, 7o1 
—, heat of, see Heat of hydrogenation 
— of methysticin, 605 
— — naphthalene, 659, 660 
— — naphthol, 568 
— — phenanthrene, 664 
— — phenyl propiolic acid, 568 
— — piperic acid, 604 (93) 
— with sodium and alcohol, 633, 634, 635 
— — sodium amalgam, 632 
— of terephthalic acid, 631 
— ee With nascent Hees 
— — tolane, 568 
— velocity, 603, 616, 660, 697, 701 
Hydrolysis, 735 
— of allyl esters, 746 
— — benzhydryl chloride, 721 
— — camphor, 243, 255 
— — — and of fenchone, 243, 244 
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Tydrolysis of the C-C-bond, 250 

— and elimination in the case of organic 
halides, 722 

— of the esters of substituted allyl alco- 
hols, 746 : 

— — fenchone and of camphor, 243, 244 

— — halides, 707 etc., 719, 720, 721, 722, 
730 tC: 

— — methyl-mannosides, 281 (77) 

— — sulfonic acid chlorides, 738 

me —— — esters, 537; 546 

—, theory of, 735 etc. 

— of triarylamine perchlorate, 209 

— — trimethyl phosphate, 535 

Tydronaphthalenes, 655 etc. 

Tydroquinone-hydrogen sulfide, clathrate 
of, 166 etc. 

{ydroxamic acid, 469, 470 

{ydroxonium ion, 132 

— perchlorate, 132 

lydroxy acids, a-, 61, 461, 462, 463, 502, 
503, 528 etc. 

— aldehydes, a-, 270 

— -—, ortho-, reactivity of, 153 

— -anthraquinone, a-, 148, 673 

—azo-compounds, parva-, tautomerism 
of, 330 

—carbonyl compounds, 280 

— -— —, ortho-, infra-red spectra of, 153 

=— — —, Raman spectra of, 153 

— chalcones, para-, 296 

— -cyclohexanone, a-, 280 

— cyclopropane-dicarboxylic acids, 300 
(124) 

— -ethers, a-, 276 

— -hydroquinone, 22 

— -ketones, a-, 279, 280 

— -—, ortho-, reactivity of, 153 

— -lactones, 291, 299 

— -methylene compounds, 319, 378 

~ — ketones, 319 

[ydroxyl as ‘‘HO,’’, to 

-ion as a Catalyst, 295 (114), 306, 500, 
501, 506, 584, 743 etc. 

- vibration frequency, absence of, in 
a-hydroxy-anthraquinone, 154 (52) 

ydroxylamines, 199, 200 

-, aromatic, rearrangement of, 484 etc. 

ypochlorous acid addition to C=C- 
double bond, 580, 593, 603, 606 

- — — — a triple bond, 767 

- —, substitution in the case of acetyl- 

ene, 767, 768 

ypohalite reaction with acetylene, 767 

ypothesis for the benzilic acid rearrange- 
ment, 466, 467 

- to supplement the strain-theory, 97, 
103 


lentity of cyclohexane and of hexahydro- 
benzene, 648 
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Imides, acidification by sulfonyls, 338 

— = Sséc.-amines, II 

Inactivation (optical) during elimination 
and addition reactions, 424, 455 

— of piriene, 514 

Indamines, 215, 216 (154) 

Indigo, metallo-complexes, 150 

Indole synthesis of Emil Fischer, 493 

Indolenines, 680 (92) 

Indophenol, 214, 216 (154) 

Infrared spectrum of tropolone, 673 

Inorganic Compounds”, ‘Structural Che- 
mistry of, 171 

Integral ratios, 4 

Intermediate product, 267, 268, 269, 420, 
421, 434 etc., 447, 456, 464 

— substance reactions, 711 

Internal compensation, 68, 69 

Internally complex compounds, 145 etc., 
147 

<= —— 11S) P52. 259 

— — salts, copper glycocoll, 146 

Intramolecular additions, 269 etc. 

— aldol condensation, 253, 254, 255, 284, 
285 

— exchange reaction, 253, 255 etc. 

— rearrangements, 392 etc., 429 

— substitution, 251 etc. 

Inversion of cane-sugar, 708, 709 

—  — menthone, 90, 499, 500 

Iodination of acetone, 303 

Ion(s), concept of, 15 

—, internally complex, 152, 153 

—, as intermediate steps in rearrange- 
ments, 336 etc., 429, 460 

— in nitration reactions, 755 

Ionic inter-relationships, 29 

— theory, 5 

Ionization of C-halogen bonds, 707 

— — organic halides, 398, 422, 424, 425, 

426, 514 

— in solutions, 422 (72), 720 (15) 

Iron chloride reaction, 307, 312, 331, 690 

—, “tetravalence”’ of, 15 

Isatin, 323 

—, N-Methyl, 322 (189) 

Isobutane, 17, 19 

Isocyanic acid esters, 328, 469, 470 

Isofenchol, 448 

Isolated double bonds, 585 

— — —, reactivity, 641 

Isomeric glucoses, 282 

— glucosides, 282 

— inosites, 68, 69 

Isomerism, 5, 17, 47 

— of the azoxy compounds, 83 

— — bicyclo-octane, 102 

— — the bicyclo-octane type, 102 

—  — camphoric acid methyl ester, 255 

—, cis-tvans-, 72, 74, 75 (43), 76, 78 etc., 
519 etc., 585 
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Isomerism of cyanic acid, 5 
— — cyanuric acid, 326 
— —decalin, 98 
— — diazo-cyanides, 82 (52) 
— — diazotates, 82 
— — diphenylbutadiene, 587 
— — — derivatives, 70, 71 
— — fulminic acid, 5 
— — hydrindanes, 78, 99, 100 
— — lactic acid, 47 
— — oximes, 82 (49), 129, 526 
oxonium salts, 44 (47) 
—, “physical’’, 48 
— of piperic acid, 586 
—, structural, 17 
—, syn-anti-, 83, 84, 129, 572, 573 
—of trivalent nitrogen compounds, 82, 
129 (212) 
Isomerization, cis- trans, of acetylene 
dichloride, 520 
— of acetylene diiodide, 524, 525 
— — azo compounds, 82 
— — azoxy compounds, 84 
— — n-butane, 757, 758 
— — isobutyl bromide, 402, 403, 404, 
405 etc. 
—  — campholytic acid, 410 
— — cis- and trvans-butene-2, 519 
— — — -lvans- in the case of cyclic 
ethylene oxides, 536, 548 
— — —- and trans-dichloroethylene, 520 
— — —- — trans-diiodo-ethylene 
(acetylene diiodide), 524 
—, cis-tvans, in case of double bonds, 524 
— of cis-hexahydrophthalic acid ester, 501 
— — cyclohexane, 757, 758 
— — cyclopentyl-cyclopentanol, 411, 412 
— — diphenylbutadiene, 586 
— — diphenyl derivatives, 70 
i CSLCIS 04 1 O) S47 
— in the fenchene series, 449, 450 
— of halides, 406, 413, 420 
—, intramolecular, 365, 400, 401, 432, 
811-815 
— of maleic acid esters, 522, 524 
— — oleic acid, 523 
—— —~ pinene, 514 
— — propyl bromide, 261, 402, 419 
— — stereoisomers with conjugated 
systems, 621 
— — stilbene, 523 
Isomers, number of, for aldohexoses, 59, 
60, 65 
Isonitrile(s), 171, 248, 340 
— formation, 349 
Isonitro compounds, 330 
Isonitroso compounds, 329, 526 
Isoprene + HCl, 396 (5) 
Isopropyl alcohol, structure of, 10 
— bromide, 18 
Isosterism, 171 





Isostilbene, 521 
Isothiocyanates = mustard oils, 325, 401 
Iso-uric acid, derivatives of, 122 


“A. Kekulé’’, 633 
Kekulé benzene structure, 21, 24 (28), 642 
etc. 
Ketenes, 173 (9), 466, 591, 592, 593, 594. 
606, 607, 613, 617, 618 
Ketene-acetal, 376 (303), 377 
Ketene and cyclopentadiene, 606 
Ketene-imides, 356, 360 
Ketenes’’, ‘“The, 591, 607, 613 
Ketenes as diradicals, 592 
Ketimide, 319, 320 
— -enamine tautomerism, 320 
Keto-acids, y-, 291 
— -alcohols, 276 etc. 
— —, cyclic, 280 
— -aldehydes, f-, tautomerism of, 319 
— —, y- and 0, 293 
— -carboxylic acid salts, f-, 310, 372, 373 
— -or oxo-carboxylic acids, 291 
— -cyclo-tautomerism, 276 
— -enol isomerism, 319 etc. 
— — rearrangement, 335, 711 (3) 
— — tautomerism, 300 etc., 307, 315, 362 
— esters, B-, 304 etc., 353 etc. 
— —, B-, acidity of, 309, 310, 313, 342, 
343 
— —, B-, preparation of, 378, 385, 387 
(326) 
— -glutaric acids, a-, 299 
— -lactol, 276 
Ketone-diazides, 477 
Ketones, molecular compounds with urea, 
163, 165 
—, unsaturated, 595, 607 etc. 
—, —, a-, B-, 332, 333, 589, 595, 607 etc., 
759 
—, —, Synthetic, 3327-494. 944 
Ketonic esters, B-, acidity of, 342, 343 
Ketoses, 280 
Ketoxide-compounds, 334, 595, 611, 612 
Kinetic analysis, 437, 709, 710, 711 
Kinetics of aromatic halogenation, 763 
—, chemical, 705 
— and chemical mechanism of the re- 
arrangement of nitroso-acetanilide, 
800, 801 
“Kinetics of Homogeneous Reactions”’ 
710 (2) 
Kinetics of the pinacolin rearrangement, 
421 
—— — racemization and enolization, 507, 
508 
— — the reaction of diazocompounds 
with alcohols, 797 
— — — rearrangement of nitroamines, 
4 263 (42) 
Knoevenagel reaction, 376 (304), 377 
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Kolbe ethane synthesis, 815 


Laar’s oscillation hypothesis, 273, 274, 
328, 329, 335, 356 

Lability and instability of radicals, 189, 78 5 

Lactam-lactim tautomerism, 320 etc., 361 

Lactide, 61 

Lactol, 276, 741 

—, aldo-, 276 

Lactols, 276 (63), 277, 278, 279 

Lactones, 295 

—, B-, saponification of, 747 

—, y-, 281 

— of the sugar group, 279, 281 

Ladenburg prism structure for benzene, 
23 (25), 643 

Laevoglucosan, 282 (78) 

Lambert-Beer Law, 177, 178, 196 

Lattice, host, 168 

—, wurtzite-, 126 

Law of constant and multiple pro- 
portions, 4 

— — pairwise numbers of atoms, 17 

Lead tetra-acetate, action on conjugated 
systems, 567 

Leuco-compounds, 214 

Light absorption, 177, 178, 741, 742 

— — by acid amides, 321 

— — by carbostyril and isatin, 321 

— — cyanuric acid and melanine, 327 

— — hydroxy ketones, 278 (65) 

—— —iSatin, 321, 322 

——— and carbostynil,. 321 

—— — lactols, 277 

— — nitro compounds, 151 

— — pyroxonium and pyridonium com- 

pounds, 139 
— — tautomeric compounds, 321, 322, 
323, 326, 330 

— — uric acid, 321 

Light, polymerization by means of, 616 

Limiting formulas, structural, 357 etc., 
374, 380, 382, 388, 396, 397, 629 

Limits of the possibility of structure- 
determination, 248 (9), 403 

Linking of atoms, 17 

— — like atoms, 13 

Lithium alkyls, bonding nature of, 349 

— —, complexes of, 192 

— aluminium hydride as a reducing 
agent, 602 (81) 

— -organic compounds, 504, 505, 728, 
729, 732, 775, 784, 785 (478) 

Lone’ electron, 192; 213, 220 etc., 232, 625 

— —, see also Unpaired electron 

Lossen degradation, 469 etc. 

Lothar Meyer structure for benzene, 655 


Macromolecules, 130 
Magnesium organic compounds of the 


allyl type, 395 


Sgr 


—— — —, see Grignard compounds 

Magnetic determination of the degree of 
dissociation of radicals, 177, 178 

— investigations on supposed diradicals, 
225 

— investigation of meriquinones, 218 

~~ measurements on radicals, 177, 178 

Magnetism of hydrazyls, 197 (92) 

Maleic acid formula of Anschiitz, 292 

— — structural formula, 292 

Malonic ester, aluminium salt of, 375 

(300) 
—— — condensation, with benzaldehyde, 
382 (313) 
—-— — — unsaturated ketones, 334, 
595, O11 

— esters, unsaturated, 334 

Malononitrile, 360 

Mannose, acetone compound of, 288, 290 

Mannosides, 287 etc. 

Markovnikov’s Rule, 579 

Meerwein-Ponndorf-Verley reaction, 510 

Melting-point diagrams of mixtures of op- 

tically active compounds, 539 (138) 

Melting points of the cycloparaffins, 95 

Memoriam to Joh. Thiele, 601, 617, 821 
(276) 

Menthanol-4 from neo-menthyl-amine, 





459 

Menthyl chlorides from /aevo-menthol, 

406 (31), 551, 552 é 

Mercaptan, addition to an acrylic ester, 

772 

Mercuric cyanurate, 327 

Mercury nitroform, 350 

— salts, addition to double bonds, 143, 

584 

Meriquinoid compounds, 210 

— oxidation steps of benzoin, 216, 217 

— salts, 211 etc. 

— — with radical ion, 216, 217 

Meriquinones, 210 etc. 

— and quinhydrones, 210 

Mesityl oxide-oxalic acid esters, 294, 295 

Mesitylene, 21 (21), 647 

Meso- cis- position, 106 

— - tvans- position, 105 

Mesomerism, 33 (34), 214 (146), 274, 347 
etc., 353 etc., 366, 367, 370, 372, 381, 
387, 388, 390, 397, 398, 490 

Meta position in benzene, 21 

Metal chlorides as acids, 407 

— complexes of indigo, 150 

— compounds of tautomeric substances, 
304, 313, 314, 315, 323, 326, 331, 340 
etc., 679, 690 

— ketyls, 204 etc., 638 

— — and pinacolates, 206, 638, 788 

Metallo-organic compounds, 13, 188, 189, 

190, 191, 234, 230, 729, 730, 732, 774, 

775, 783, 784 
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Metallo-organic compounds, configurati- 
onal instability, 505 
__ __ — modes of reaction of, 236, 638 
Methane, 14 
— -diols, 567 
—, structure of, 10 
—— -type, 12 
Methionic acid esters, 339 
Method of notation, 10 
Methods of the indole synthesis, 493 
Methoxyamine, addition of, 609, 610 
N-(2-Methoxy)-benzamide, 12) | 
Methoxy-mercuration, 143, 523 (87) 
Methyl alcohol, structure ray as io 
amine, reaction with nitrous acid, 431 
(96) 
C-Methyl-anthranil, 683 
Methyl bromide, 18 
—  camphene, «-, 427 
— cyclohexylidene acetic acid, 81 
— fenchol, tert., 427 
N-Methyl isatin, 323 
Methyl-mannoside, 287 (96) 
—-—, p-, 287 
— (radical), 8, 190, 782 
Methylation by aid of the acetyl-peroxide 
radical, 794 
— with diazo-methane, 726, 727 
— of galactose, 290 
— — urea, 325 
— — uric acid, 324, 325, 326 
— — xanthine, 325, 326 
Methylene, 172, 173, 174 
— -carbonic acid derivatives, 501 
— group, reactive, 304 
— theory, 172 etc., 472, 781 
— — of Nef, 172, 456, 781 
Michael addition, 379, 595, 611, 627 
— — and elimination rule, 571 
— — reaction, 611 
— condensation, 379, 383, 595, 611, 627 
Migration, acyl, 255 etc., 742, 743 
— of acyl groups, 258, 268 
— — halogen during esterification, 406 
Minimal H=D-exchange of n-heptane 
+ D,SO4, 498 
Mirror-image, isomerism, 51, 66, 67, 68 
— —, molecular forms, 70 
Mixed type, 12 
Mobile hydrogen atoms, 270, 274, 335 etc., 
374 etc., 639, 679 
Model of the carbon atom, 126 
— — = double. bond; 78, 79, 80, 118, 
126, 129 
Molar refractions of acid amides, 320 
Molecular addition compounds, of nitro 
compounds, 157 
— asymmetry, 68 etc. 
— —, derivation of, 78 (44) 
—— in multi-membered para-ring 
systems, 73 
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— compounds, 18, 131 etc., 144 
— — of alcohols with urea, 163 
— — — cis-decalin with AlBr,, 144 (27) 
— — — 4,4’-dinitro-diphenyl, 159 
— —, heats of formation of, 157, 163, 164 
— — as intermediate products, 712, 713 
— — — — steps in reactions, 712 
— — of nitro compounds, 157 
— —, non-stoichiometric, 162 etc. 
— — of phenazine, 218 
— — — polynitro compounds, 157 
— — — quinone, 157 
__ — — stereo-isomeric ethylene deriva- 
tives, 143 
— — — the stilbenes, 157 
= —— Lhiouted) LOOTeLe. 
— — — trialkylated. benzenes with 
aluminium chloride and bro- 
mide, 144, 764 
— — — unsaturated compounds, with 
bromine, 713 
— — — — ketones, 135 
— =—— — trea}; 162 etc: 
— grouping, intact, 9 
— models, 65 etc. 
— refraction, 277, 278, 306, 664 (44) 
— — of acid amides, 320 
— — — acridine, 664 
— — — anthracene, 664 
— — — enamines, 320 
— — — keto- and of enol-forms, 307 
— — — lactols, 277 
— weight determination of supposed 
radicals, 175 
— — of meriquinoid salts, 216 
Monomolecular decomposition, 230 
Morphan, 113 
Muconic acid, 649 
— — from benzene, 649 
— — — ortho-benzoquinone, 649 
— —, cis- tvans-, 587, 649 
— — from phenol and from pyro- 
catechol, 648 (11) 
— — — pyrocatechol, 649 
Multiple bonds, 20, 575, 576 
— —., steric course of addition to, 566 
CLC, 
— proportions, law of, 4 
Mustard oils, 328, 401 
Mutarotation, 283, 285 
— of diacetone-mannose, 289 
— — ketones of the quinine alkaloid 
group, 500 (7) 
— — the quinine ketones, 500 
— — — sugars, 2383 
Myrtenol from pinylamine, 459 (158) 


Nametkin Rearrangement, 302, 424, 425, 

420, 427, 429, 432, 440, r is 2 
Naphthalene, 20, 22 nes ok a ae 
— -diozonide, 659 
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Naphthalene, structural formula, 22, 643, 
644, 658, 661, 667 
— Structure, 22,23, 24, 643; 66T 
— — according to Erlenmeyer, 23, 643, 
658, 659 
—, Thiele structure for, 695 
Naphtho-dioxane, socalled, 113 
Naphthodioxanes, 113 
Naphthol, «-, 22 
—, B-, 22 
Nascent hydrogen, 593, 594, 595, 606, 
607; 6T0, 632) 633 etc:, 651 
Negative mechanism of substitution, 557 
(183) 
valence, 15 
Neopentyl chloride reaction with sodium, 
786 (182) 
“Newer Viewpoints in Organic Chemis- 
try’, 82 (52). 210 (134), 631 
Nickel-dimethylglyoxime, 148 
Nitration, 724, 749, 753 etc., 763 
— of aliphatic hydrocarbons, 724, 754 
— — iso-butene, 750 
— — pyridine and quinoline by means of 
NO3, 754 
— — saturated hydrocarbons, 754, 755 
— and sulfonation, 650, 755 
Nitric acid, addition to unsaturated com- 
pounds, 750, 751 
— oxide, 14 
— —, addition to radicals, 180, 197 
— — -chlorine reaction, 710 (2) 
“Nitrile bases’ = fert.-amines, II 
— form of hydrocyanic acid, 171, 273 
Nitrile(s), 171, 248, 331, 376, 502, 807 
—, acidity of, 339 
— in the Beckmann rearrangement, 482 
— formation from aldoximes during ben- 
zoylation, 572 
— — — KCN, 349 
— -oxide hypothesis for the Beckmann 
rearrangement, 478 (221) 
—, unsaturated, 334 
Nitrite and alkyl sulfate, 349 
Nitrites, 349, 350 
Nitro-alcohols, 581, 751 
— -amines, aromatic, rearrangement of, 
264, 266 
— -butane, sec-, 18 
— -camphene, w-, 751 
— -cholestene, 717, 750 
— -cholesteryl chloride, 750 
— -compounds, acidity of, 339 
, aci-form of, 330, 331, 346, 350, 351, 
352, 353 | 
, constitution of, 35 etc., 584 
— — formation of, 249;°349, 749, 753 
, racemization of, 505 
— —, tautomerism of, 330, 331, 340, 350 
— -form mercury, 350° 
— — silver, 351 
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Nitrogen, divalent, 194, 195, 196, 197, 
198, 229 

—, optically active trivalent, 85 

— oxides, 180, 181, 197, 221, 231, 581, 
593, 603, 751, 754 

—, pentavalent, 35 

—, —, So-called, 44 

—, stability of the spatial configuration 
of substituents on, 517, 518, 527 

—, tetravalent, 199, 200, 201, 202, 203, 
229, 231 

—, univalent, as an intermediate, 470, 
476, 477, 478, 488 

— — stage in rearrangements, 

; 479, 476, 477, 488 

Nitro group, 35, 36, 337, 345, 349, 350 
etc., 584 

Nitroid component in molecular com- 

pounds, 156 

Nitrolic acids, 330 

Nitronic acids esters, 330 

Nitrophenol esters, aci-, 351, 352, 353 

N 

N 


, , 








Vitrosates, 581 

\itroso-acetanilide, 800 

— —, decomposition of, 799 

— -acyl-arylamines, 572 

— -amines, 34, 264, 800 

— compounds, 329 

— -iso-nitroso tautomerism, 329 

— -pinene —pinocamphonoxime, 329 

Nitrostyrene, w-, 750 

Nitrotropolone, rearrangement to nitro- 
benzoic acid, 673 

Nitrous acid and bornyl and iso-bornyl 
amines, 401 

—  —, reaction with primary amines, 456 

etc., 542, 543, 564 

— — — — propylamine, 458 

Non-existence of diethoxymethylene, 173 
(9), 3704303). ee 

— — — mixed meriquinoid salts, 216 

— — — pentavalent nitrogen in amine 

salts, 44 

— -racemizability of coniine, 90 

— -racemization during formation of 
alcoholates, 511 

— —jin the formation of an alcoholate, 

Il 

— ihe during rearrangement, 439, 511 

Normal chains, 17 

Notation, method of, ro 

Nuclear theory of the benzene molecule, 
21 (23) 

— — — Laurent, 21 (23) 

Nucleophilic reagents, 724 

— substitution, 555 (178), 724 etc. 

Number of atoms, pairwise, 17 

— — valences, 13 


Octa-fluoro-cyclobutane, 104 
Octalin, A-1,9-, 121 
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Octet, 31, 234 
— shells, 31 


— theory, 31, 32 etc., 234, 342 (239) 

Odd-valence atom elements, 17 

Oil of bitter almonds, 5 

Olefins, addition reactions of, 577 etc., 
750 etc. 

—, halogenation at high temperatures, 
76 

Culewinedly positivized ethylenes, 768 

Onium compounds, 44 etc., 131 etc., 


207 
Optical activity, 47 
— — of amine oxides, 85, 86 
— — due to the elimination of free 
rotation, 72, 73 
— — of the phosphine-oxides, 86 
— — due to prevention of free rotation, 
72, 73 
— antipodes, 47 
— —, convension into one another in the 
case of camphor, 534 
— displacements, 538 
— inversion, 527, 528, 529, 530, 551, 555 
— isomerism due to hindered rotation, 
72, 73 
— rotation of «- and of f-glucose, 282 
Optically active acid amides, Hofmann 
reaction, 549 
— — allene compounds, 81 
— — ammonium salts, 85 (65), 86, 517 
— — azoxy compounds, 84 
— — chrome color lakes, 149, 150 
— — diphenic acids, 70-72 
— — diphenyl derivatives, 72 (36) 
— — halides in the Wurtz syntheses, 785 
— — N-spiranes, 86 
— — sulfonium salts, 87 
— — sulfur compounds, 87 
— — trivalent nitrogen, 85 
Order of reaction in a stepwise reaction, 
710 
“Organic Chemistry”’, 70 (30) 
— electrochemistry, 815 (267) 
— lead compounds, 193 
— organic molecular compounds, 131, 
135, 144 etc., 157, 713 
— radicals, 9 
“— Reactions’, 316 
— tin compounds, 193 
Organolithium compounds, 729, 730, 785 
Organo-metallic compounds, see Metallo- 
organic compounds 
Ortho acid esters as complex-formers, 727 
— -formic acid esters, 363, 364 
— position in benzene, 21 
Oscillation hypothesis, 273, 274, 328, 329, 
335, 356, 643 
— — of Kekulé, 643, 687 
— ——— (von)*Laar, 273,274,328) 3290; 
335, 350 
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Ostwald’s dilution law, 230 

Oxalic acid, 8 

— ester condensation, 378, 385, 386, 387, 
388 

Oxalyl chloride, 174 

Oxidation, of benzene, biochemical, 649 

—, — —, catalytic, 649 


—, ——,, by chloric acid, 650 

— with chloric acid, 649 

— of glucosides (glycosides) by lead-tetra- 
acetate, 287 (99) 

periodic acid, 287 (99) 





_— with hydrogen peroxide, 334, 595, 612 


— — lead tetra-acetate, 581, 595, 605 

— of maleic and fumaric acids, 567, 581 

— —  mannite, 279, 280 

— by means of osmium tetroxide, 567 

— with ozone, 581, 647, 676 

— — perbenzoic acid, 581, 612 

— — periodic acid, 287 (99) 

— — permanganate, 5067, 576, 581, 649 

— of phenol ethers by means of HNO,, 
199 

—, steps in, and exchange of, 511, 595 (49) 

Oxides of nitrogen, 181, 197, 221, 231, 
581, 593, 603, 751, 754 

Oxime isomerism, 81, 82 (49), 129, 527 

Oximes, absorption of light by, 526 

—, Beckmann rearrangement of, 473 etc. 

—, isomerism of, 81, 129, 526, 571, 572 

—, steric rearrangement, 527 

—, stereo-isomerism, effect of, on the 
Beckmann rearrangement, 478 

—, tautomerism of, 329, 527 

Oxo-cyclo-tautomerism, 27,52 7 ONECCe 

— -form of the hydroxy-aldehydes, 276 

— -keto-carboxylic acids, 291 

Oxonium compounds, 44 (47), 132 ete., 
136, 140 

—- =, terliary, 134, 734,195 

Oxygen isotope, 465 (181), 545 

—, univalent, 199 

Ozone-addition to the double bond, 581 

Ozonization of 2,3-dimethylnaphthalene, 
659 

— — methylated benzenes, 648 

— — pyridine; '676 

— — quinoline and isoquinoline, 659 

— — xylene, 648 


Paired radicals, 7, 8, 9 

Pairs, 8, 9 

— of free valences, 20 

Pairwise atom numbers, 17 

Paneth’s Rule for volatile hydrogen com- 
pounds, 170 

Para-cyclophanes, 117 (171) 

Paraffin hydrocarbons, 17 

Paraffins, molecular compounds with urea, 
163, 164 

—, thermal decomposition of, 189 
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Paramagnetism, 177, 178, 220, 227, 233 

— of amminium salts, 209 j 

— — meriquinones, 216, 218 

— — radicals, 177, 178, 220, 233 

Para position in benzene, 21 

Partial racemization, 90, 497, 498 

— — of camphoric acid, 498, 499 

— valence hypothesis, 692 etc. 

— — —,, criticism of Thiele theory, 702 

Penta-arylethanes, 180, 181 

—  —, decomposition into radicals, 180, 

181 

— -phenyl-cyclo-pentadienyl radical, 186 

p= — ethyl, 180, 181 

— — phosphorus, 39 

“Penta-valent”’ nitrogen, 44 (48) 

Perbenzoic acid oxidation, 581 

— — — of conjugated systems, 612 

Perbromides, 209, 761, 762, 763 

Perhydroindole, 112 

— and hexahydrophthalimide, 112 

Perkins cinnamic acid synthesis, 298, 381 

— Synthesis, 316 (165), 380, 383, 386 

Permanganate oxidation, 567, 576, 581, 
649 

Pees, 7O0.7701 

Peroxide decomposition, catalytic effect 
of, 725, 794 

— effect, 580, 771, 772 

— — in the case of allyl bromide, 578 

— — on the allyl bromide rearrangement, 

580 

— — and solvent, 580 

— theory for the electrolysis of aliphatic 
acid salts, 815 

Peroxides, 176, 183 (37), 183, 199, 225, 
771, 793, 794, 795 

— of alkyls, decomposition of, 795 

Phenanthrene, 22 

— synthesis of Pschorr, 798 

Phenazine from dihydrophenazine, 218 

Phenazonium salts, 213 

Phenol allyl ether, rearrangement of, 365, 
366, 400, 401, 811 etc. 

Phenol-ether + Li, 730 

— —, rearrangement of, 730 

Phenols, 317, 318, 364, 305, 366, 371, 372 

—, bromination of, 764, 765 

Phenyl arsinic acids, 806 

— -azo-triphenylmethane, 789 

— -benzo-triazole, 684 

— — —, N-oxide, 684 

— diazo-acetate, 799 

— -di-cyclohexyl-methyl, 182 

— iodide-chloride, 768 

— lithium reaction with organic halides, 
gee (254) ae . 

— -pyridine formation in the diazo 
reaction, 797 

— radicals, 21 

Phloroglucinol, 22 


895 


Phosphine oxides, 37, 86 

Phosphonium compounds, 44 (47), 140, 
141 

— salts, 140 

Phosphorus oxychloride, 14 

— pentachloride, 14, 737 (55) 

—, pentavalence of, 39 

—, semi polar bond of, 39 

— trichloride, 14 

Photochemical action of bromine, 524 

— addition, 522, 595 (48), 651 

— incitement of the peroxide effect, 772 
(148) 

— decomposition, 791, 792 

— — of azomethane, 791, 792, 793 

— halogenation, 725, 726 

— steric rearrangement, 523, 710 (2) 

Photopolymerization of cinnamic acid, 
616 

Phthalaldehydic acid, 291 

Phthalates of sec. alcohols, saponification 
of, 746 

Phthalic acids, addition of hydrogen to, 


23 

Phthalocyanines, 151 

Phthaloyl chloride, 261 

Physical properties, use of, for deter- 
mination of constitution and configura- 
tion, 261, 306, 321, 322, 394, 664 (44), 
819 

Pictorial representation of the Beckmann 
rearrangement, 480, 481, 482 

Pinacol-pinacolone rearrangements, 405 
PLC. 

Pinacolates and metal ketyls, 206 

Pinacolin-hydrazone, reaction with HgO, 
447 ; 

—-, preparation of, 409 

—, rearrangement, 405 etc., 407, 410, 413, 

421, 433 (99), 434 (102), 435, 


fe) 

— —, phariens oxide hypothesis for, 436 

—  — and retropinacolin rearrangement, 

407 etc., 409, 417 etc. 

Pinacolone by rearrangement, 408 

Pinacols, see Pinacones 

Pinaconates, 205, 638 

Pinacones, 205, 408 etc., 638 

Pinacone-formation, 608, 609, 618, 625, 
632 

Pinene-hydrochloride, 418 (64) 

Piperitol, d-neo-, from /-piperityl- 
ammonium hydroxide, 562 

Piperylene, cis- and trans-, 521 

Planar structure of cyclohexane, 97, 104 

Platinum compounds, complexes, 143, 584 

Plumbanes, 193, 194 

— and stannanes, 193 

Polar differences and chemical reactivity, 
640 

Polyhydroxy alcohols, 14 
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Polymembered lactones, 113 (157) 

— nitrogen-containing rings, 113 

— rings, 74, 95 (91), 113, 115 etc. 

— —, systems, 95 

— —, with sulfur, 113 (157) 

— S-containing rings, 113 

Polymerization, 600, 616 

— of cyclopentadiene, 600, 679 

— — dimethylketene, 591 

— — isoprene, 598 

Polymethylene rings, 94 

Polyphenol-carboxylic acids, 255, 256 

‘“Polyvalent”’ alcohols, 14 

— atoms, I7 

Porphyrexide, 203 

Porphyrindine, 203 

Porphine nucleus or ring, 151 

Porphyrins, 150, 151 

Position of atoms in molecules, 10 

— isomers, 22 

Positive mechanism of substitution, 557 
(187) 

— valence, I5 

Positivized ethylenes, 768 

— —, single-end-, 761, 770, 771 

Potential valences of Bamberger, 676, 
680, 6901 

Potentiometric titration of «-hydroxy- 
phenazine, 216, 217 

— — — meriquinones, 217, 218 

— — — — compounds, 216, 217 

— — — —., indamines, and indophenols, 

ZL OM 2 Ty, 

Preparation of anilides, 258 

— — cyclobutane, 94 

— — “diethoxy methylene”, 173 (9) 

— — ketene-acetal, 376 (303) 

tetrahydro-acetophenone, 759 

Prevention of free rotation, 70 

Primary amines, II 

— radicals, 9 

Principle of the intramolecular reaction of 
neighboring groups, 483, 484 (232), 
571, 572 

least possible structure-change, 

IQ, 247 etc: 

Prism formula for benzene, 21, 643 

— structure of benzene, 23, 532, 644 

Problem of tautomerism, 357 (273),390, 821 

Process of addition, 524, 525, 584 

Projection formulas, 63—65 

Proportions, constant and multiple, 4 

Propyl alcohol, iso-, from n-propylamine, 
457, 458 

=~ — Structureoi ire 

—— amine, reaction with nitrous acid, 458 

— bromide, 18 

Prototropic work applied, 338, 356, 379 

Prototropism, 335 etc. ; 

— and electromeric effect, 336, 341, 343, 
340 








SUBJECT INDEX 


— — — —, case of p-tolylbenzylsulfone, 


, 


34373516" © 

Prussic or hydrocyanic acid, 171, 271 

Pschorr’s phenanthrene synthesis, 798 

Pseudo-acids, 331 

— -esters of phthalic acid, 292 

— -monomolecular reaction, 422 

— -salts, 140 

Pure C-atom-para-bridge, 117 

Purely organic molecular compounds, 162 

Purine derivatives, 324, 325, 687, 688 

Purpurogallin, 672 

Pyrazolone-formation from /-keto-acid 
esters, 297 

Pyridine, number of derivatives of, 22 

— ring, comparison with thiazole ring, 
678 

Pyridones, absorption spectra of, 321 
(185) 

Pyridonium compounds, isomerism of, 
140 

Pyrimidine and its derivatives, 324 

Pyocyanine, 214 (146), 215 

Pyrogallol, 22 

Pyrolysis of acyclic hydrocarbons, 189 

Pyroxonium compounds, isomerism of, 
140 

Pyrrolenines, 680 (92) 

Pyryllium compounds, 136 etc. 

— salts, 138 


Quantum theory of aromatic compounds, 
692 

— — — the carbon atom, 120, 130 

— — —=-— double bond, 129, 576 

— — —radicals, 175 

Quaternary ammonium compounds, 73, 
85, 517, 518, 561, 775 

— — salts, rearrangements of, 731, 732, 
ios 

— bases, 12 

— —, ammonium, rearrangements of, 732 

Questionable 1,4-addition in the case of 

_ unsaturated ketones, 518 

Quinhydrone, 155 

Quinhydrones, 154 etc., 211, 213, 217, 218 

Quinine ketones, mutarotation of, 500 

Quinine, partial racemization of, 513 

Quinoid components, 156 

— structure of “‘diradicals’”’, 221, 222 

— system, 650, 6901 

Quinol rearrangements, 484 etc. 

Quinolide form of the alkali compounds 
of radicals, 236 

— formulas, 372 

Quinoline, number of derivatives of, 22 

—, tso-, number of derivatives of, 22 

Quinols, 484 etc., 485 

Quinone monoxime, 329 

—, ortho-, 461, 462 

Ouinuclidine, 111 
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Racemates, 48, 49 
Racemization, 88, 89, 90, 126, 423 etc., 
497 etC., 499, 500, 502, 503, 517, 518, 
562, 5606 
— of acid amides, 502 
— — amyl chloride, 725 
— — 1so-amyl chloride, 725 
— — — -bornyl chloride, 243 etc. 
— experiments on butanol-2, 513 
— of mandelic acid, 502, 510 
— — menthone, 499 
— — optically active ammonium salts, 
517, 518 
— — — — dimethylglutaconic acid, 621 
— phenomena, 502 
— of phenyl-chloroacetic acid, 502 
po ——Pinene”’, 514 
—and rate of decomposition 
of optically active ammonium salts, 
317 
— during the course of saponification of 
phthalates, 746 
— of sodium iso-amylate, 511 
— in the case of steric-hindrance asym- 
mCthy, 72,73 
Radical, 9 
— -absence among intermediate products, 
492, 808 
a Concept, 9 
— -decomposition of incompletely 
arylated ethanes, 182, 184 
— - — — tetraphenylsuccinic acid 
diethyl ester, 807 
— -dissociation, 180 etc. 
— ions, 207 etc. 
— -migration in pinacolin and retropina- 
colin rearrangements, 433 
— -like substitutions, 725, 726, 727, 790, 
807 
— theory, 5, 6, 7, 8, 245, 246, 256 
— type decomposition of dihalogenated 
hexa-arylethanes, 179 
— — of dissociation of tetrapheny]l- 
hydrazine, 230 
Radicals, 5, 174 etc., 188 etc. 
781, 782, 783 
—, acetoxyl, 800 
—, acetyl, 190 
—, addition of nitric oxide to, 180, 


197 

—’’ “The Aliphatic Free, 189 (60) 

—, carbon-containing, 9 

— in chemical reactions, 781 

—  — the course of chemical reactions, 
781 

— — diazo reactions, 797, 798, 799, 800, 
801, 802 

—, free, 183 

—, —, addition capacity of, 180, 191, 197, 

234 
— in gaseous reactions, 786 
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— as intermediate products, 183 (37), 457 
(144), 772, 781 etc., 789, 793, 800 

=, paired, %,.G 

— ncaa by means of ultraviolet light, 
159 

Radio-active indicators, 562 

— — — in racemizations, 562 

Rational formulas, 5 

Reaction of amino-alcohols with nitrous 
acid, 460 

— — benzene with NO,, 754 

— — bromine with diphenylethylene, 

701, 705 

— — 1so-butylamine and nitrous acid, 458 

— clusters, 558 (185) 

—, course of, 19, 172, 265, 266, 267, 268, 
269, 363 etc., 377 etc., 395, 396, 397, 
403, 404, 417 etc., 436 etc., 447 etc., 
468 etc., 479 etc., 486 etc., 555 etc., 
703 etc., 818, 819 

— of diazomethane and nitroamines, 346 
(256) 

— between ethylene and chlorine, 767 

— formulas, 5, 9, 10, 17, 18, 246, 247 etc., 
274, 479, 624, 694 

— -mechanisms, 714 

— between nitric oxide and chlorine, 
710 (2) 

—, order of, 706 etc. 

— between spatially neighboring groups, 


571 “i 
— of tetraphenylethylene and bromine, 
578 


— velocity, 97, 103, 229, 230, 248, 240, 
417, 418, 705 etc., 706 

— —, use of, for determining the con- 
figuration, 597 

— — constant, 707, 708, 709 

— —, effect of the solvent, 418, 479 

Reactions, see also Elimination reactions 

— of acetochloroglucose, 285 

—, addition, see Addition-reactions 

— of amines with nitrous acid, 460 

— — alkyl radicals, 189 etc., 

— with AICl,, 756 

— of amines and nitrous acid, 458 

—  — amino alcohols with nitrous acid, 
460 

—  — aromatic halides with AICl,, 764 
131 

—_—— sisertind acid mono-methy] ester, 
255 

— — conjugated systems, 624 

— — ethyl radicals, 189 

— — heterocyclic compounds with 
lithium, 729 

— — hydroxylamine and unsaturated 
ketones, 609, 610 

— — lithium-organic compounds, 729 

— — methyl] radicals with As or Sb, 188, 
189 
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Reactions neo-pentyl alcohol, 286 

— — nitrites with alkyl iodides, 349 

— with phenyl-azide, 120 

— of substituted diphenylethylenes with 
bromine, 761 

— — triphenyl-borosodium, 210 

— — — methyl, 236 

— — — — magnesium chloride, 236 

Reactive hydrogen, 274, 303, 335, 330 
etc., 374 etc., 639, 679 

Reactivity of CCl,, 736 (52) 

—and conductivity of organo-metallic 
compounds, 728 

— of Li- and Mg-organic compounds, 728 

— — ortho-hydroxy-aldehydes, 153 

— — — -— - ketones, 153 

— — — .-, and of para-vanillin, 153 

— and the type of bond, 24 

Reagents, classification according to In- 
gold, 724 

Rearrangement(s) of acyl enols, 264, 265 

— — acylated enols, 363, 370, 371 

— — acylphenols, 264 

— — alcoholates, 511, 512, 513, 514 

—— — alcohols, 411 

— — alkyl aryl ethers, 266 

— — allylbenzene, 658 

— — the allyl enols, 365, 371 

— — — — esters, 746 

— using aluminium chloride, 260, 261, 
419 (66), 461, 757, 758 

—  — aromatic hydroxylamines, 484 etc. 

— — the arylphenols, 730 

—, Beckmann, 432, 473 etc. 

— of benzidine, 492 

— — benzophenone-diazide, 477 

— — 1so-borneol, 513 

— in reactions of bornyl iodide, 414 

— of d- into l-camphor, 428 

— in the camphor series, 413 etc., 424, 
425, 426, 428, 429 

— CA LOUS 4 ZO 

— — cis- and of trans-cinnamic acid by 

iodine, 524, 525 

— — crotyl thiocyanate, 4o1, 814 

— in the Curtius reaction, 467 etc. 

— during dehydration of diols, 411, 412 

— of diaryl acetaldehydes, 436 

-— —+ diazoketones, "472,"473 

— — dibenzohydroxamic acid, 469 

— — dichloroethylene, 520 

—, dienone-phenol, 489 

— of A,-dihydro-naphthalene, 655, 658 

— a-diketones, 461 etc. : 

— —a diol, 410 

— during electrolytic reduction, 493, 494 

— effected by use of AICI,, 261 

— of enol-carbonic acid salts, 304, 310 

— — ethylene oxide, 424 (76), 436, 437, 

441 
— — glucosides, 283 
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—— in the Grignard reaction, 411 (45), 413 
— of a-halogenated ketones, 462, 463 
— in the Hofmann reaction, 467 etc. 
—, intramolecular, 253, 392 etc. 
— of maleic esters, 521, 522, 524 
— — — — effected by means of Br- 
atoms, 524 
— — 4-methyl-iso-borneol, 426 (80) 
—, Nametkin, 424, 425, 426, 432, 731, 732 
—, of nitro-acetanilide, 800, 801 
— — nitro-amines, 263, 264 
— — — — into o-nitro-anilines, 264 
— — nitroso-acetanilide, 799, 802 
— — nitroso-amines, 264 
— — — — into p-nitroso-anilines, 264 
—— — nitro-tropolone to nitro-benzoic 
acid, 673 
— — O-ethers, 327 
— — oleic acid, 519, 520, 523 (88) 
— — optically active nitriles, 505 
— — oximes, 473 etc. 
—  — phenol ethers, 366 
— — phenyl allyl ethers, 365, 812 (264), 
813 
— — phenyl allyl ethers in the presence 
of dideuterophenol, 400 
— — phthaloyl chloride, 260, 261 
—, pinacolin, 405 etc., 410 
— of primary addition products, 395, 433, 
602 
— — propyl bromide, 261, 401, 420 (67) 
— — quaternary ammonium bases, 732 
— — — — salts with phenyl lithium, 731, 
732 
— in the reactions of amines with nitrous 
acid, 456 etc. 
— reactions of pinene, 432 
—, retropinacolin, 405 etc., 409 
— of rhodanides into mustard oils, 401 
— — secondary alcohols, 513, 514 
—, semi-pinacolin-, 413 (51) 
—, Sommelet, 732 
— of stereoisomeric ethylene derivatives, 
5IOQ ete. 523,525 
—, steric, 89, 90, 499 etc., 517, 518, 519 
€UC.. O21 
—,/Stevens/-7 31,742 
— of tso-stilbene, 521, 522, 523 
= — Sugars, e408 
— — — inthe presence of alkali, 462 (169) 
— — sulfamic acids, 263 
—— the terpenes, 413 etc. 
— — tetraphenylsuccinic acid dinitrile, 


807 
— — thiocyanates into iso-thiocyanates, 
401 


— — tritylhydroxylamine, 474 (206) 

—, Wagner-Meerwein, 413, 414, 432, 731 
==; Wolff472;473 

Reduction of benzal-acetone, 608, 609 
— — benzil, 606 
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Reduction of benzophenone, 638 
— — Carvone, 607, 613 = 
— — conjugated systems by means of 
Al-amalgam, 617 
— — cyclohexenyl-cyclo-hexanone, 607 
— —diazo compounds by means of 
alcohol, 798 ; 
— — dibenzalpropionic acid, 616 
— — dimethylfumaric acid, 569 
—, electrolytic, 493, 632, 636 
— by lithium aluminium hydride, 602 (81) 
— of mesityl oxide, 608, 609 
— — ortho-nitrobenzoylphenol, 257, 266, 
268 
— — — -nitro-carbethoxy-phenol, 258 
— — phenylpropiolic acid, 568 
=== tartaric acid, 538 
— — tolane, 568 
Refutation of the Ladenburg prism for- 
mula, 23 (25), 653 
Reimer-Tiemann synthesis of hydroxy- 
aldehydes, 369 (288), 490 
Residual valences, 17 
Resolution of butanol-2 into optical anti- 
podes, 58 
— methods for optically active antipodes, 
63, 64 
— of racemates, 64 
Resolvability of optical antipodes, 63, 64 
Retropinacolin rearrangement, 405 etc., 
409 
of pinene, 418 (64) 
Reversibility of the Friedel-Crafts reac- 
tion, 759 
Rhodanides, rearrangement of, 401 
Ring-chain tautomerism, 276 etc., 292, 
298, 299, 300, 743 
— — — of aldehydo-acids, 281 
— — — — aldehydo- and of keto-acids, 
251, CLC, 
— — — —aldehydo- and of keto-alco- 
hols, 276 etc. 
— — — — y- and of d-keto- aldehydes, 
295 etc. 
— — — — a-keto-glutaric acids, 299, 300 
— — — — mesityl-oxido-oxalic acid es- 
ter, 295 
— -closure, 93, 95, 96, 97, 108, 109, I14 
Siew 2A. 205, 270 Cte 201 sete.) 493, 
585, 608, 609, 611, 742, 743 
— — hypothesis for the Beckmann Re- 
arrangement, 4783 
— -closures, meta- and para-, 115 
— -expansion, 459 
— -narrowing, 408, 409, 410, 4II, 437, 
459 (157), 462 (166) 
— -strain and radical-formation, 226 
— -widening, 410, 411, 412, 457, 458, 459, 
400, 401, 494 
of the pyrroles, 413) 
— — — thiophene-methyl-amine, 459 
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Rings on the benzene nucleus, meta-, 
115 

—, polymembered, 74, 95, 115 etc. 

Rotatability, free, 68, 241 

—, —, interference with, prevention of, 

69 etc. 

Rotation, dependence of magnitude of on 
solvent and on wave-length, 538, 539 

amr, 1ree, 68, 247 

—, optical, direction and configuration, 

_ 539 537, 538, 539, 540, 541 

Salicylic acid synthesis, 372 

—— — type synthesis in the case of - 

naphthol, 373 

Salt-like compounds, 15 

Salts with a meriquinoid anion, 216, 217 

Sandmeyer reaction, 802 etc., 

—— with PbCl,, 803, 804 

Santene from camphenilol, 121, 122 

Santonin, desmotropo-, 490 

Saponification, 543, 739 etc., 740, 741, 
744, 745, 740, 747 


— of esters, 740; 741, 745, 746 
ae A SCONE $4.5), Ae 


— — — of substituted alcohols, 746 
— allyl alcohols, 745, 746 
— — the esters of triphenyl carbinol, 





747 , 

—, see also Hydrolysis 

Saponins, molecular compounds of, 162 

Schlenk’s hydrocarbon, 221, 223, 225, 
PAPA welds. 

Scissor compounds, see also Chelates, 144 
etc; 

Secondary amines, II 

— radicals, 9 

Semi-acetal, 270, 276 etc., 545, 583, 741 

— — form of sugars, 280 etc. 

Semicyclic bonds, 81, 118, 638 

— double bond, 118, 119 

Semidine rearrangement, 492, 493 

Semipinacolin desamination, 460 (159) 

— rearrangement, 411 (45), 413 

Semipolar bond, 36, 37, 38, 39, 42, 203, 
21 

se adccamerae 210 (134) 

Semi-vat of indigo, 218 (163) ap 

Separation of diastereo-isomers by distil- 
lation, 58 

— — acetoacetic ester and of methyl- 
acetoacetic ester, 310, 311 

— — keto- and enol-forms of acetoacetic 

ester, 307, 335 

— — — -enol-tautomers, 307, 335 

— methods for optically active antipodes, 
63, 64 

— of primary amines from secondary and 
tertiary, 338 oh 

Sextet of potential valences, 676, 682 

Shells, octet, 31 

Silanes, 193 
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Silver alkyls, 190 

— methyl, 190 (67) 

Similarities of thiazole and pyridine ring, 
678 

Single electron 192, 213, 220 etc., 233, 625 

— —, see also Unpaired electron 

— — pair, see Unshared electron pair 

— force hypothesis, 127, 128 

Six-membered ring-structure of the 
sugars, 285 

Small whole numbers, law of the ratios of, 


Sidnurn acetoacetic ester, 315. 367, 368 
— amalgam, 632 
— —, hydrogenation with, 593, 596, 633 
€LC, 
Solubilities and equilibrium, 307 
Solubility increases, 165, 166, 167 
Solvatation of crypto-ions, 422 (72) 
Solvents, influence on the course of 
reaction, 362, 364, 366 
Sommelet Rearrangement, 732 
Space-filling and radical-dissociation, 180, 
181, 182 
Spacing of the C-atoms in molecules, 118, 
119 
— -distance of carbon atoms, 110 (143) 
Spatial structure of the ammonia mole- 
cule, 87 (72) 
Spiranes, 69, 70, 86, 108, 410 
Spiroheptane-dicarboxylic acid, 69 
Spiropentane, 70 
—, electron-diffraction by, 70 
Splitting of the C-C-bond by acids, 243, 
244 
— — — — by alkali hydroxide, 242, 243 
— — = — by potassium, T87 
Stability of aromatic compounds, 24 
— — benzene, 653 etc., 666, 667 
— — oleic acid, 519, 520 
— — optically active atrolactic acid, 502 
— — — — compounds, 497, 498, 503, 
512 
— — — — methyl-phenyl-chloro-acetic 
acid, 502 
— — — — optically active tertiary 
alcoholates, 514 
— — the phenyl group, 21 
— — — — radical, 21, 190 
— — radicals, 190 
— a ois sages laying xanthogenates, 779, 
780 
— — — -isomers, 66, 88, 89, 90, 497 etc. 
Stable enols, 301 
Stages in reactions, 403, 404, 405, 434 etc., 
) ATS DLP ee oh TES 
Stannanes, 193 
Stepwise esterification of glycerol, 252, 
253, 254 
— hydrogenation of anthracene, 662 
— — = benzene, 653 
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=~ gar vOne, OT3 
— — — naphthalene, 655 etc., 
— — — phenanthrene, 664 
— reactions, 403, 404, 405, 434 etc., 470, 
577s 710. 
Stereochemical hypotheses, 57 
Stereochemistry, 47 etc., 51, 52 (7), 68, 69, 
82, 83, 241, 523, 538, 553, 644 (5) 
— and valence, 18 
Stereo-isomeric sulfur compounds, 87 
—— -isomerism of azo-compounds, 82 
— — — azoxy-compounds, 83, 84 
—— — — the desmotropo-santonins, 490 
(248) ; 
— — — diazocyanides, 82 
— — — diazo-compounds, 82, 572 
— — — the double bond, 80, 126 
— — — ethylene derivatives, 77 etc., 
143, 519 etc., 585, 586, 587 
—— —Oxmes 81, 4751803 
— — — the sugars, 59, 62 
— — — sulfur compounds, 87 
Steric course of addition to the double - 
bond, 566 etc. 
— — — — — multiple bonds, 566 etc. 
— — — — reactions, 569, 571 (240) 
— — — the Beckmann Rearrangement, 
480, 483 
— — — a catalytic hydrogenation, 569 
— — — diene-syntheses, 568 
—  —  — the Hofmann Reaction, 549 
— — — hydrogenation, 569 (228,229) 
— — — — reactions, 569 
— — —a permanganate oxidation, 
cS dart 
— — — substitution, 550, 562, 566 
— — — — reactions, 550, 551, 554, 559, 
560, 561, 562, 563, 505, 566 
— hindrance, 339 (232), 562 (191), 741 
— —— AS Vue yO 70 
— — in the case of substitution, 562 
— rearrangement, 497 
— — under the action of light, 523 
— — of alcoholates, 513 
— —  — tso-borneol, 511 
— — in conjugated systems, 621 
— — and enolization, 505 
— — of mandelic acid derivatives, 502, 
wh en 
— — — a nitro compound, 505 
— Series, 538, 539, 549 
Stevens Rearrangement, 731, 732 
Stilbene dichloride, 532 
Stipitatic acid, 672 
Stoichiometric definition of valence, 16 
Strain-free molecular models, 98 
Strain theory, 91 etc., 124 
<i —, auxiliary hypotheses, 97, 123, 124 
— — in the case of cholesterol, 97 (98) 
——”, “The Present Status of, 97 (99), 
114 (160), 548 
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Strain theory for rings attached to benzene, 
123 
Strainlessness of 5- and 6-membered rings, 
103 (119) 
“Structural Chemistry of Inorganic Com- 
pounds”’, 171 
Structural chemistry, 247 etc., 248 
— formulas, 18, 236 
— formula of anthracene, 633, 644, 664 
— — — benzene, 644, 654, 669, 674, 675, 
7O1 
— (= — haemin, 151 
== Naphthalene, 23, 643,661, 667, 
675 
—= — == pyrrole, 677 
— — and reactivity, 242 
— formulas of aromatic hydrocarbons, 
695, 697 
—— —- — jnorganic compounds, 30, 31, 32, 
33, 820 
— — for metal compounds, 347 etc., 637, 
Phcas 
— isomerism, I7 
ee, LOT 1 
Structure or building-type of molecules, 18 
— of a chain, 17 
— and constitution, 20 
— of cycloheptane, 105 
— — cyclohexane, 104, 105 
— -determination, 18, 19, 252, 253, 254 
— of dicyano-ammino-benzene-nickel, 196 
— — haemin, 151 
— — isomeric tetrachlorophthalans, 262 
— — mercury salt addition products with 
unsaturated compounds, 143 
— — naphthalene, 24 (29), 644 
— — the oximes, 81, 82 
— proof, foundations of, 19 
— of pyridine, 676 
— — radicals, 9 
Substituents, acidifying, 337, 338, 342, 


343 

Substitutability of furan, 678 

Substitution, 7, 8, 10, 247, 495 etc., 528 
a. BStere Osi. 7is.etc,, 721, 722, 
725 $ 

— considered as an addition followed by 
an elimination reaction, 713, 749, 7509, 
751, 754, 760, 763, 765 

— and addition reactions of acetylene, 
767 (138), 

—, anomalous course of, 394, 395 

— in the case of aromatic compounds, 
749, 754, 760, 795 

— on the asymmetric carbon atom, 528 
etc. 

— at the bridge-head, 549, 554, 566 

—, direct, validity of assumption of, 19 

—, intramolecular, 251 etc. 

—, principle of, 19 

— process, 761, 765 
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— reactions in the case of aromatic com- 
pounds, 650, 745, 747, 761 etc. 

— — on diastereo-isomers, 534 

— — of the 1,2-diphenyl-glycols, 528, 

5339, 533, 535 

— —, systematics of, 724, 725 

— on the saturated carbon atom, 558 etc., 
506, 724 

—, steric course of, 537, 550, 551, 554 

— -tautomerism, 276 

— -theory of chemical reactions, Io, 14 

— in the case of unsaturated compounds, 
749, 757; FOL etc, 

Succinic acid from acetic acid and acetyl 
peroxide, 794 

Succinylosuccinic ester, 23 (27) 

Sucrose inversion, 708, 709 

Sugar, 280 etc. 

—, a- and f-, 282 etc. 

—, rearrangement with alkali, 462 (169) 

Sulfinic acids, 87 

Sulfonation, 749, 751, 753 

—, m- of camphor, 516 

Sulfones, 35, 39, 42, 337, 341, 346, 584, 
593, 600, 601 

—, acidity of, 338 

Sulfonic acids, 15 

— —, racemization of, 515, 516 

Sulfonium compounds, 139, 140 

Sulfonyl, acidifying effect of, 338, 339 

Sulforaphene, 87 

Sulfoxides, 35, 37, 41, 87, 88, 584 

Sulfur compounds, univalent, 199 

— —, optically active, 80, 87, 88 

— dioxide, addition to conjugated 
systems, 593, 600, 601 

— trioxide, valence in, I5 

—, univalent, 199 

Sulfuric acid, addition to unsaturated 
compounds, 578, 579, 753 

— — esters, hydrolysis of, 546 

— —, valence in, 15 

Sulfurous acid esters, 738 

Symbolism, 41 etc. 

— in chemical formulas, 41 (45), 42, 43 

“Symmetrical derivatives’’, 22 

Symmetry of benzene, 21, 642, 643 

— — molecules, 51, 53, 65 

— — naphthalene, 643, 658, 659 

Synionism, 391, 398, 399 _ 

Synoptical system of organic compounds, 
18 

Synthesis of acetoacetic ester, 377 etc. 

— by means of AICl;, 650, 751, 755 etc. 

— of anthracene, 664 

—  — aromatic pinacones, 638, 719, 720 

— — cyclohexatriene, 647 

— — ethane, 174, 814 

— — hydroxy-aldehydes, 369, 490 

— — indole, 493 

— — phenanthrene, 798 
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Synthesis of substituted indoles, 493 
System of carbon compounds, 17 
Systematics of organic chemistry, 4 

— — substitution reactions, 554, 722 etc. 


Tafel’s rearrangement, 493 

Tautomer-equilibrium in the case of 
quinone-monoxime, 330 

Tautomeric tetrachlorophthalans, 261 

Tautomerism, 272, 273 etc. 

— of acetopropyl alcohol, 279 

— — iso-butyl iodide, 403, 404 

— — conjugated systems, 696, 698 

— — the cyano group, 332, 359, 360, 377, 
595 ; ; 

— — cyanuric acid, 327 

—, definition of, 273 

— of dicarbonyl compounds, 294, 295 

— — the diketones, 316, 317 

— — — 1,5-diketones, 296, 297 

— — esters, 377, 378, 501 

— in five-membered rings, 680 

— of hydroxy-aldehydes, 276 

— — para-hydroxy-azo-compounds, 330 

— — indole, 685 (108) 

‘-__ and Isomerism”’, 29, 42, 43, 216, 353 
etc. 

—, ketimide-enamine, 320 

— of the keto-aldehydes, 319 

—, keto-enol, 300 etc. 

— of ketones, 302 

—, lactam-lactim, 320 etc. 

— of metallo-organic compounds, 351, 
352, 353 

— — the nitro compounds, 330, 331 

— — nitroform silver, 350 

— — the nitroso compounds, 329 

— — — oximes, 329, 526 

— — — purine derivatives, 325, 326 

— — pyrrole, 680 

— — quinone-monoxime, 329, 330 

—, ring-chain, 276 etc., 298 

— of the sugars, 283 

— — tetrachlorophthalan, 261 

Temperature-dependence of the Walden 
Inversion, 537 

Terpene-alcohols, 414 etc. 

— hydrocarbons, 589 (36) 

Tertiary alcohols, structure of, 10 

— amines, II 

— oxonium salts, 133, 134 

Tetra-aryl-ethane, decomposition into 
radicals, 180, 181, 182, 229, 230 

— -chlorophthalan, 261 

— -cyclohexyl-diphenylethane, 182 

— -ethenyl-hexasulfide, 114 (159) 

Tetrahedral model, 51, 55, 91, 126 

Tetrahedron, hypothesis of the, 53~—57 

Tetramethyl-ammonium-triphenyl- 
methyl, 192 ; 

— — -1,2-diphenyl-ethane, 183 (37) 
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Tetranitromethane reaction, 763 
—, — with the double bond, 763 
Tetra-phenyl-allyl radicals, 184, 187 
— — butatriene, 588 
—— — -dihydrophenanthrene, 220 . 
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Urea-molecular compounds, 162 etc., 166 
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